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W O L L O N G O N G 
U N l V E P S i T Y 
C O L L E G E 
SYNOPSIS^ 
Â cezx̂ entional analysis of the liffiited-pressiire 
cimpression-ignition <^cle results in theoretical epilations 
that express osjrcle performance as a function of the 
thermodynamic properties of the working fluid at salient 
points in the cycle» Thus the assessment of c^cle perform-
ance is "based on a complete <^cle cMiputation carried out 
with the aid of thermoclynamic charts« This approach does 
not produce speedy and accurate results because 
a) the procedure involves lahoriotzs trial-and-error methods, 
and b) the charts available do not cover the whole range of 
mixture strengths at which an internal combustion engine 
following this cycle may operate. 
It is shown that existing thermodynamic charts may be used 
to develop empirical equations for circle efficienpy, work output, 
and mean effective pressure, for a range of mixttire strengths 
and, in general, with improved accuracy for mixttire strengths 
requiring interpolation between the charts. 
An investigation of other theoretical quantities of interest 
to the designer, such as maximum cycle tsperature and exhaust 
temperature, is included« 
Tke data are presented in tiie form of nomographs eimbling 
theoretical performance to he estimated for nattirally aspirated 
diesel engines over a wide range of operating conditions. 
Graphs prepared from the nomographs show trends similar to 
those obtained from tests on a single cgrlinder four-stroke 
compression-ignition engine» 
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WOl-uONOOMO I 
ur̂ jivtRsriv i 
SECTIOH n 
imomicfioi^ 
For a theoretical analysis of what takes plaoe in an 
internal combustion engine certain asstaaptions must be made 
concerning the processes constituting the engine cycle and the 
theifflodynamic properties of the working substance^ If the 
asstair̂ tions underlying such an analysis represent an approachable 
ideal, the theoretical performance of the engine may be used as 
a convenient and meaningful standard of reference* 
In the present investigation the limited-pressure, ccaapression 
-ignition cycle was selected as the ideal representation of the 
actual "solid-injection" type diesel engine cycle, whilst the 
properties of the working fluid were obtained from themodynamic 
charts* These charts offer a highly accurate account of the 
physical conditions and properties of the mediiam in its various 
states* 
The mixed cycle involves the following basic thermodynamic 
processes : 
1. isoenthalpic mixing of the burned products of combustion 
from the previous cycle with the fresh air inducted 
3 0009 02987 9678 
2# adiabatio compression of the mixtijre 
3* a combustion process occurring partly instantaneously 
at constant volume and partly progressively at constant 
pressure 
4» isentropic expansion of tke burned products to a 
point at which the exhaust valve opens and some of the 
gases expand further in expelling the remainder. 
In the mixed (^cle scxne assumption has to be made as to the 
proportion of heat added at constant voltame and at constant 
pressure» In the actual engine it is often necessaiy to arrange 
the injection timing and the injection characteristics to limit 
the peak pressure to an acceptable value» A realistic approach 
requires that a similar restriction is placed on the maximum 
pressure of the ideal mixed oycle. The resulting arbitrary 
division of the available total heat into a portion added to the 
working substance at constant voliame and a portion added at 
constant pressure provides a fuel-air cycle that is a reasonably 
accurate guide for calculations on the behaviour of high 
c<»apression engines with injected fuelo 
fhe use of thermodynamic charts offers the most satisfactory 
approach to the probl^ of the qyclical properties of the working 
substance» In their most convenient form they consist of t 
^^ a modified air chart prepared "by Hottel, Williams, and 
Satterfield 
2# a number of burned mixture charts prepared by the 
1 2 
same authors ), and an additional one prepared by Hyan ), 
Since the process of combustion changes the properties of 
the working substance appreciably, it is necessary to consider 
separately the thermodynamic properties before and after 
COTabustion« Variations in the specific heats as a function 
of the instantaneous temperatures are allowed for in all charts* 
The coaaibustion charts also take into consideration dissociation 
effects at the high combustion temperatures a M re-association 
effects during the expansion stroke. 
The charts allow complete assessment of the cyclical properties 
of the working fluid* The essential condition for the 
computation of the cycle performance is that these properties 
be determined for all transition points between the processes 
throughout the c^cle* The complete solution of the cycle is a 
slow and laborious process, which has seriously limited the use 
of theoretical cycle data 
Since the actual number of operating conditions that influence 
the oycle performance is relatively small, it is possible to 
replace the eusibersome thermodynaiaic eyole solutiozss h j 
e i^ i r ioa l expressions fo r those cycle performance quantit ies 
that are of interest* At the same time th i s approach of fers 
an opportunity to eliminate, to s ^ e extent, the l imitations 
imposed hy the thermodynamic charts which are necessarily 
coi3fined to certain values of ^ c l e operating parameters, or 
to a certain range of valueso 
LIST m SYMBOLS* 
E - to ta l inte3?nal energy (sensible plus chemical), 
BTU/pound-mole 
e - to ta l internal energy (sensible plus chaaoiical), 
BTU/lb» of a i r constituents 
P - r a t io of fue l used to that required theoret ical ly 
f o r complete combustion« 
f - weight f rac t ion of residual gases in equivalent 
burned mixture at the beginning of compression 
* fhe symbols and defini t ions confoim in general to the 
1 2 naienclature used in the thermodynamic charts ^ )• 
fi - total enthalpy (sensible plus chemical), BTU/pound-
mole 
h - total enthalpy (sensible plus chemical), BTU/lb̂  of 
air constituents 
o 
MBP ~ mean effective pressure, lb«/in • 
p - pressure, lb»/in̂ , abs# 
Q - heat, BTU/lb» of fuel ; or a parameter expressing cycle _ J perfoitnance r - compression ratio 
S - entropy, BTU/pound-mole» 
s - entropy, BTU/lb# of air constituents» 
T - temperature, degrees Eaiikine 
V - volume, ft̂ »/pound-mole« 
V - volume, ft̂ ./lb# of air constituents 
W - work output, BTO/lb« of fresh air 
y • chart conversion factor, pound-mole of mixture per 
lb* of air constituents, plus appropriate fuel 
- efficient 
Siaffixes * 
a - actual 
c — combustion 
e - exhaiist 
fr - fresh air 
g - gross value 
1 - intake 
n - net value 
p - pumping 
r - rati© 
8 • sensible portion of tkermodynaiaic function only, 
i«eo ekemioal portion excluded 
th - theoretical 
1-6 - <^cle transition points 
SWTIOS 
fHEKMODYHAMIC OHA£TS 
The thermodynamic charts used in the present analysis 
have heen discussed frequently in the literature 
and a full description will not be included here# However, 
a brief discussion of the particular suitability of the charts 
to CMapression^ignition cycle ccaaputation may be of some value« 
Two types of charts are applicable to this work. 
1# A modified air chart which permits the complete calculation 
of a cycle in which the maximum temperature reached after 
combustion is less than 2520^« 
Unfortimately, this limiting t^perature, above which 
chemical dissociation is considered to affect the properties 
of the working fluid, restricts the use of this chart to 
fuel-air mixtures below P » 0^20 ) for the most favourable 
combination of engine operating conditions, and normally to 
values below f » 0.15, Clearly, the output of an engine 
operating at such a low mixtiare strength will be considerably 
F is the symbol used to indicate the rati© of the fuel used to 
that required theoretically for complete combustion» This 
fuel fraction is a measure of mixture strength, or fuel-air ration 
The terms **fuel fraction" and "mixture strength" are used in 
this report. 
"below the rated value* With due allowance to pl̂ ysical reality-
it can be said that the modified air chart by itself is of 
little value in coo^ression-ignition (^cle analysis« 
2» Burned mixture charts are employed to analyze the oycle processes 
taking place after combustion when the peak cycle temperattire 
exceeds 2320^Bo Since dissociation increases the number of 
molecules taking part in the cycle^ a variation that involves 
a change in the value of the specific thermodynamic properties, 
the burned mixture charts are constructed on a mass basis» The 
unit mass used is one pound of air constituents, plus appropriate 
fuel* This mass basis necessitates the use of separate charts 
for each value of mixture strength (F) )• 
Mixture strengths used in coH^ression-ignition engine operation 
vary from P « 0.3 to P « Por this range two burned mixture 
charts are available, i»eo for P « 0«5 and F « Hence, the 
specific thermodynamic properties of the working fluid after ccœa-
bustion can be evaluated with accuracy only for those óyeles for which 
the adopted value of the mixture strength is either P « G»5 or 
P « 0,8» When the mixtirre strength does not correspond to those 
values, it has been recommended practice to use the blamed 
* The various material bases of the thermodynamic charts, as well as 
the terminology used in describing the conventional units employed in 
cycle analysis are discussed in Bome detail in Appendix 7 , pagei5i» 
mixttare chart of the nearest F - valuei under the assumption that 
the specific properties will not change materially with small 
variations in the mixture strength* It is shown in a later section 
that relatively large errors in ayole performance data, notably 
in values of the efficiency, will occur if this practice is adopted» 
SECflOF 3> 
fHE LIMIfED - PRESSURE CCKPRESSIOIi-iaglTIOF fflaiKE. 
In oonsidering the relative c^ole perforEoance of an IC 
engine, s came standard of ccanp€u?ison is required that constitutes 
a theoretical limit of performance. In the present analysis the 
limited^pressure cycle was selected as this "approachable ideal**« 
For convenience the cycle is referred to as the theoretical cycle, 
the limiting cycle, or sometimes the mixed ^cle. 
3-1 Characteristics» 
In a high-compression engine it is often necessary to arrange 
the injection timing and the injection characteristics to limit the 
peak pressure to an acceptable value» A realistic approach requires 
that a similar restriction be placed on the maximum pressure of the 
idealized çycle» On the other hand efficiency and operational 
considerations require at least part of the combustion process to 
take place at constant volume * )• As a result the available heat of 
combustion of the fuel is divided into a portion added to the working 
fluid at constant volume, and a remaining portion added at constant 
pressure» Since combiistion characteristics vary with the design of 
fuel injection equipment and combustion chambers, as well as with 
adjustments made to each individual engine, an arbitrary division is 
made of the total available heat into these two quantities» The 
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resiilting óyele is sometimes referred to as the mixed cycle; it is 
considered to be a reasonably accurate guide to the indicated per-
formance of the majority of engines using injected fuel» 
Further assumptions underlying the ideal mized cycle are 
U fhere is no heat exchange to and from the working fluids 
2« There is no ch^sical change in either the fuel or the air 
before combustiono 
3» Ch^nical equilibrium occurs at all points of the pycle# 
4o Valve openings and closings take place instantaneously at 
specified points in the cycleo 
3-2 Thermodynamic Analysis» 
The sequence of processes occtirring in the mixed qycle is 
represented in the P - V diagram shown in Figure 1o In this 
diagram at point (l) of the cycle the pressure (p^ ) is equal to 
the intake pressure (p^). In process 1-2 the working flxiid is 
cccapressed adiabatically to a pressure (p^) below the maximum cycle 
pressure (p^)* In the combustion process 2-3 heat is added to 
the working fluid in both the constant volimie process 2-2' and 
the constant pressxire process 2'-3» Isentropic expansion takes 
place between points (3) and (4)* The exhaust valve opens 
instantaneously at bottcam dead centre» A major portion of the 
products of oisabustion passes out of the cylinder, expanding 
adialjatioally from pressure (p . ) , to exhaust pressure (p ), or 4 ® 
This process i s irreversible; however, the portion of the 
working fltiid remaining in the cylinder at point (5) is assumed 
to have undergone an isentropic expansion doing work in pushing 
the expelled portion into the exhaust manifold« The pressure 
and entropy at point (5) are then equal to the pressure and 
entropy at point i^^o for this portion of the working f l u i d 
the expansion can be considered to continue isentropically fraa 
point (4) to point (4^)* Since two defining co-ordinates are the 
same for the points (5) and ( 4 ' ) , the state of the woiking f lu id i s 
identical at these points, although the mass has changed considerably» 
During the exhaust stroke, constant-pressure process 5 -6 ' , 
a l l the remaining products of ccHnbustion are forced out of the 
cylinder with exception of a small residiial quantity in the clearance 
volume. Again the properties per unit mass of working f lu id at 
point (6*) correspond to those at point (4')* 
As mentioned earlier, in cycles of this type the maximum cycle 
pressure i s limited to an arbitrary value. The intake and exhaust 
processes are assiimed to take place at constant pressures, the 
relative magnitudes depending on the local barcanetric pressure, the 
event of supercharging, inlet and exhaust duct losses, and the 
influence of "back-pressure of possible exhaust-driven ancillary gear« 
In the naturally aspirated diesel engine discussed here the 
cylinder pressure at the end of the exhaust stroke, point (6*) on 
the P-V diagram, will he slightly above atmospheric pressure, due 
to the friction losses of the flow through exhaust valve and exhaust 
manifold» Similarly, allowing for the pressure loss caused T̂ y the 
intake manifold and intake valve, the pressure in the cylinder 
diu:lng the intake stroke will be less than atmospheric^ 
In the idealized mixed cycle the inlet valve opens instantan-
eously at point (6)» Prior to this, the residual gas in the clearance 
space is assumed to expand isentropically to intake pressure^ 
process 6«-6. The final process making up the cycle, 6-1 is 
considered to be a constant-pressure induction process in which the 
induced fresh air charge mixes adiabatically with the residual gases. 
3^3 Formal Solution of the Mixed Cycleo 
Using the above model of the diesel engine cycle, the formal 
cycle solution involves the determination of the fluid properties at 
the various transition points between the idealized processes that 
make up the cycle« 
Although the general procedure in solving the cycle is discussed 
extensively elsewhere ^^ ^^^ found that some simplifications 
could be introduced in the series of computations compiled for this 
report, aad for tkat reason the procediire adopted is discussed in 
some det€dl* 
fhe spécifié thermodynaaic properties of the working fluid in 
the oycle are affected "by the residual gases from the preceding 
ĉ elBm Hence, when oabaricing on a cycle calculation, it is 
necessary to make assumptions concerning the state of the working 
fluid at a particular transition point, or station, between two 
cycle processeso 
Conventionally, this station is chosen at the beginning of the 
ccanpression stroke, i#e« point (l) in the P - V diagram of Figure 1» 
At this starting point of the cycle calculation, it is sufficient to 
assume the tes^erature (T̂  ) of the cylinder gases« A check on the 
assumed value is not possible until the entire c^cle solution is 
ccsspleted, the number of trial solutions required to attain close 
agre«(Dent between computed and assumed values depending on the 
accuracy of the original assumption^ 
At point (l) of the çycle ccrapression starts of one poxind-mole 
of air plus an unknown weight fraction (f ) of impurged residiial 
products of combustion fxcm the preceding cycle» The fraction (f ) 
has small values at the high compression ratios used for the diesel 
engine5 it is of negligible influence in this first part of the 
cycle, and no initial assus^tion as to its value need be made« 
The ratio (F) of fuel used to that required for stoichio-
metrically ccmiplete combvistion is zero at point (l) of the cycle, 
and the quantity of mixtiare present is referred to as one pound-
mole of air constituents« 
For the assumed value of temperature (T^) and the given intake 
pressure or (p^), point (1) can he located on the modified air 
chart, and the values per pound-mole of air constituents of the 
other thermodynamic properties can he read off the chart. Due 
allowance must be made for the effect of pressure and temperature on 
enthalpy, internal energy and entropy* A number of auxiliary plots 
on the modified air chart facilitate the computation of the corrected 
values of these properties» 
In process 1-2 the working fluid is ccsnpressed isentropically 
to a volume V^ « V^/r , where (r) is the volumetric compression 
ratio» This enables point (2) to be located on the modified air 
chart by the two state values for volume and entropy» 
The oombuBtion prooess 2 - 3 reqiiires special considérât i oru 
To determine the specific thermodynamic properties of the working 
fliiid at point (2') certain assuaptions conoeming the rate of 
injection and the rate of "burning of the fuel imist be made« 
However, the state of the working fluid at this intermediate 
point bears no relationship to the cycle performance, and for the 
solution of the cycle only the conditions at point (3) are relevant» 
By combining processes 2-2* and 2* - 3 the enthalpy (H^) at 
point (3) can be evaluated, the net combustion heat added being 
assessed from the fuel-air ratio and the temperature of the 
liquid fuel# 
In general, for mixture strengths exceeding F « 0*20, the 
combustion end tasperature (T^) will be outside the range of 
tanperatures covered in the modified air charts Hence, starting 
frcHs point (3) in the cycle, a burned mixture chart must be used 
to determine the properties of the gases at the remaining transition 
points« In addition to the requir̂ aent that the cycle mixture 
strength (P) should correspond to the F-value of the burned mixture 
chart, the enthal̂ r (H^) must be expressed in the chart material 
base« Accordingly, it is necessary to convert the material base 
from one pound-̂ ole of air constituents to one pound of air 
constituents, plus appropriate fuel, by means of a chart conversion 
factor (y)» An auxiliary plot on the modified air chart gives the 
value of (y) as a fimction of the raixtiire strength (F) and the 
weight fraction of residual gases (f)# 
Process 3-4 is an isentropic expansion, the voliane at point 
(4) of the ojole heing equal to As pointed out in the 
previous section, the specific properties of the raixtiare at point 
(5) correspond to those at point (4')* Bach of the remaining 
points in the cycle is located on the burned mixture chart from a 
constant entropy line (s^) intersecting the constant pressure 
line for either the exhaust pressure (p ) or the intake pressure e 
During the exhaust stroke, that is constant pressure 
process additional working fluid is forced out of the 
cylinder« Again the properties of a unit mass of material at 
point (6*) correspond to those at point (4')* At top dead 
centre the exhaust valve closes instantaneously, and the gases 
remaining in the clearing space are assumed to expand isentropically 
during process 6'-6. At the latter point the residual gag reaches 
intake pressure il̂ )̂} the inlet valve opens instantaneously, and in-
take of fresh air takes place during the remainder of the suction stroke. 
At the end of the constant pressure mixing process 6-1 the 
working fluid consists of a mixture of residual gases and fresh 
air» Since the properties of these constituents are known, both 
the residual gas fraction (f) and the temperattire (T^ ) may be computed-
fke tmpurged gas fraction ( f ) can "be found from the relation 
f - l i l > w^ere vg^ - ^ since 
r 
the state of the working fluid i s the same at points (5)5 
and 
The sensible enthalpy of the mixture per pound of air 
constituents at point (1) i s found hy calculating the separate 
values of the sensible enthalpies of the weight fraction ( f ) of 
residual gases and the weight fraction (l - f ) of fresh air» 
After conversion to a material hase of one pound-mole the 
corresponding tonperature (T^) may he read from the modified air 
chart* The ciHnputed value of ) should be reasonably close to 
the estimated temperature at the beginning of compression* 
Experience has shown that i f the trial value differs from the 
computed value by more than the cycle must be re-computed^ 
using the newly found value of (f^ )• As a rule the f i r s t trial 
value is estimated to within 10^ of the computed value by an 
experienced analyzer* In that case the second trial ccanputation 
will produce the required accuracy* 
3-4 Theoretical Equationa for Cyole Performance» 
When the specific thermodynamic properties of the working fliiid 
at the cyole transition points have "been determined, the fundamental 
quantities of cycle performance may be expressed in terms of these 
properties. 
Referring to the P - V diagram in Figure 1, the gross work output 
(W ) of the cycle, i#e® excluding pumping work, is equal to the work 
of expansion from point ( 2 ' ) to point (4) minus the work of 
compression from point (1) to point (2)» This may be written as 
W 
g 
BTU/lb. -mole of mixture (1) 
or 
g 
BTU/lb. -mole of mixture .(2) 
Conversion of the material base of Equation (2) to the material 
base of the burned mixttire charts is acccxnplished by means of the chart 
conversion factor (y) which is expressed in pound-moles of mixture per 
pound of air con^tuents, plus appropriate fuel« A variation in this 
conversion factor is experienced between cycle transition points (2) 
and (3)y since cisibustion changes the ccsiposition of the working 
fluid# However, this variation was found to be of negligible 
influence on cjcle performance, and an average value of 
J a 0»035 saay be used in the computations» 
Therefore, the change in material base restilts in 
Wg = ÍÍ3 - e^ - yp^Vg ̂  - - B^) BTU/lb̂  of 
air constituents, plus appropriate fuel (3) 
A further conversion to a base of one pound of original fresh air 
gives 
^ - e. - yp.V ^ - - 1 ) W » 3 4 3 2 778 1 Blü/lb» of 
^ (1-f) 
fresh air ••(4) 
In the ideal qycle both the intake and the ezhaust process are 
assifflied to take place at constant pressure enabling the pumping loop 
to be considered rectangular« fhis results in the convenient 
approximation for pushing woxk 
p (1 - f ) 
» I f i m j / l b . of f r e s h 
778 
a i r (5) 
Since Vg « v^ / r ^ ptiBiping wo3^ say be expressed as 
f X - P i N " 4 r - 1 144 
. (1 - f ) . . r . 778 
a i r (6) 
f k e net work output i s 
f « (w - w ) BTO/lb. ©f f r e sh a i r a g P (7) 
Subst i tut ing Equations (4) and (5) i n Equation (7) gives 
(1 - f ) 
(P^ - P i ^ r - 1 144 i 
( 1 - f ) . r 778 
BTU/lb. of f r e s h 
a i r (8) 
Using a bas i s of one eubic foot of swept volume^ the weight of 
f r e s h a i r inducted per c^ele i s 
(1 - f ) 
- - 6 ) 
lb« of f r e s h a i r 
or 
[ d -f)" 
mm * 
r 
- -
t Ibo of fresh air (9) 
Then, tlie gross work output per cycle per cubic foot of swept volume 
m 
r 
' t 
1. 
BTU/ft^. of swept volume 
arid pumplBg work per cycle 
Wp. - (p^ - p^) ̂  BTO/ft.^ of swept volume, 
(10) 
(11) 
MEP 
fhe expression for gross mean effective presstire of the cycle is 
S 
J - 1. 
778 
144 
Ib./in . (12) 
and since, for the rectangular pmnping loop, the pianping mean effective 
pressiare 
M ® - (p^ - P^) 
P 
whilst 
IK/in (13) 
n 
- MEP ) 
g P 
Ib./in (14) 
Then the net mean effective pressiire is 
MEP 
r - 1 
778 
144 
(P, - P,) Ib^/in (15) 
Conventiomllj, the <^cle efficien<Qr ( t̂  ) is the ratio of the 
net notk output and the heat of combustion of the fuel at a standard 
toBperature» On the modified air chart values of the heat of 
combustion of octene are quoted which are typical for fuels used 
for compression-ignition cycles ^ )• For octene injected in liquid 
foiffi at 70®P the net calorific value (Q^) is 19,028 BTO per poimd* 
Hence, the heat available per pound of fresh air is 
(0.06775^ X 19,028) BfU , (16) 
On the basis of one pound of fresh air inducted, the qycle 
efficienogr is 
0.06775S' * 19,028 (17) 
Substituting Equation (8) in Equation (17) the cycle efficiency 
may be expressed as 
(1 - f) X 0,06115^ X 19,028 
(18) 
Prom the above equations a relationship may be derived that is 
of interest in the development of the nomographs* Combining 
Equations (6), (8) and (15) it can be shown that the net mean 
effective presstire may be expressed thus 
W 
^ n " W^ (^e-^i^ I b V i n . {19) 
p 
where the pimping work varies from W^ » 2.65 to 2.71 
BTU/lb. of fresh air over the range of operating conditions adopted 
for the present analysis. The selected values for the intake and 
exhaust pressures were P^ « 14 Ib./in • abs# and 
/ 2 p 
p^ = 15 Ib./in . abs. Hence, (p^ " P i ) = Ib./in • abs. 
It follows that Equation (19) may be written as 
MEP . ^ Ib./in^. (20) 
^ 2^68 
In this expression the average value of the pinnping work was 
used involving an error of - which is an acceptable 
value# 
SECTION 
OPmTING CQNDITICHS (F THE MIXED CYCLE« 
An examination of the theoretical Equations (l) - (20) reveals 
that the computation of cycle performance involves the complete 
thermodynamic solution of the cycle; i»e» for a given set of cycle 
operating conditions the properties of the working fluid must he 
computed at every step in the limited-pressure cycle« It was shown 
in Section >-3 that this involves the determination of the t^nperature 
of the working fluid at the beginning of expression by iteration 
over the confíete cycle» 
Since the number of operating conditions that influence cycle 
performance is relatively small, it seems desirable as well as 
feasible to replace the theoretical equations by empirical relation-
ships expressing cycle performance directly in its governing parameters« 
It can be seen from a review of the formal cycle solution that the 
performance of the idealized cycle is influenced by six operating 
conditions or independent variables, namely the inlet pressure (p^), 
the t^perature of fresh inlet air ('^fp)» ccmipression ratio (r), 
the mixture strength (F), the maximum (^cle pressure (p ), and 
max 
the exhaust pressure (p^)« Consequently, an investigation is 
e 
warranted of the functional relationship. 
Q V r, F, p^) (21) 
where the dependent variable (Q) represents ariy quantity used in 
expressing pycle performance. An improved procedure is unlikely 
to result if the relative effects were to "be examined of each 
independent variable on the cyclical thermodynamic properties of 
the working fltiid used in the theoretical eqiiations. However, 
the relationship expressed in Equation (21) may he analyzed in a 
more direct manner, if resort is made to using the data obtained from 
a large number of formal cycle solutions» By letting the 
operating conditions of the cycles vary over the whole of their 
normal range, their relative influence on cycle performance may be 
studied» Thus anpirical relationships between the performance and 
the above independent variables can be readily established. When 
presented in the form of nomographs, such equations are a convenient 
guide to cycle performance under a variety of operating conditions. 
SECTION 
RANGE OP CYCLES ANALYZED^ 
For the ptarpose of amlyzing a selected range of compressionr-
ignition cycles, with due regard to variations in design and type 
of service, the following three operating conditions were chosen 
as independent variables t-
Ccanpression ratio (r), ranging from 14 to 22, in increments of 
2. 
2. Mixture strength (F), ranging from 0.15 to In general, 
increments were chosen to correspond to the biimed mixture 
charts available® The significance of performance data for 
intermediate F - values is discussed in the next section* 
3# Maximum pycle pressure (p ) of 800, 900, 1000 and 1200 llift A 
lb./in • abs« 
The selected values are representative of a broad cross-section 
of diesel engines of the natui^lly aspirated type» 
The r^naining three operating conditions were maintained constant 
at the following arbitrary values 
Intake pressure p. » 14 lb#/in • abs« 'i 
T^nperature of fresh intake air T ^ = 540^» 
Exhaust pressure P^ ® lb«/in^« abs« e 
fhe last stipulation implies that the objective of the present 
work is narrowed down to establishing an eB5)irical equation to 
replace the functional relationship» 
Q . y r ' (r, p, p ^ ^ ) (22) 
That is, empirical relationships are to be developed for theoretical 
cycle performance as a function of three independent variables, namely 
ccanpression ratio, mixture strength, and maximum cycle pressure« 
Although the relative influence of changes in the intake 
presstire, the teB5>erature of the fresh intake air, and the exhaust 
pressure on <^cle performance are not included here, seme preliminary 
work has been carried out to investigate these additional aspects of 
^cle behaviour» 
SBCTIOH 6. 
PEOCJEIDÜRE AHD ACCURACY 
On the basis of ranges and increments of the independent 
parameters outlined in the previous chapter, a total of 80 cycles 
was computed in Series I of Cycle Analyses» All values of the 
cyclical thermodynamic properties of the working fluid are 
tabulated in Appendix 1, Tables 3 - 18, pages 15 - 90. 
Cycle performance figiires and further cycle data of interest were 
determined using the theoretical equations derived in Section 3-4. 
The data are listed in Tables 26-41, pages 99 - 114. 
As mentioned in the previous section, to establish trends in 
cycle behaviour due to variations in the ambient atmospheric 
conditions, or due to the event of supercharging, a second series of 
17 cycles was computed« This Series I I of Cycle Analyses is 
considered to be in the nature of a preliminary check« A brief 
discussion of the findings is given in Appendix 2 ^ page 122. 
The cyclical thermodynamic properties, and qycle performance data 
resulting from this series are presented in Appendix 1, Tables 19-21, 
pages 91 - 93, and Tables 42-44, pages 115 - 11?, respectively« 
To verify certain trends in cycle performance and to supplement 
results established in Series I , a number of 7 additional cycle 
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ccffiputations were carried out at both, intermediate points and points 
outside the adopted ranges« The cyclical thermodynamic properties 
and the circle performance data resulting from this Series I I I of 
Qycle Analyses are presented in Appendix 1, Tables 22-23, pages 94 - 95 
and Tables 45-46, pages 118 - 119 , respectively« 
Finally, a total of 10 cycle computations was c<Miipleted for 
values of the <^ole mixture strength (F), for which no corresponding 
burned mixture charts are available« In general, for the purpose 
of the analysis an existing burned mixture chart of the nearest F-
value was used in each case. The restilting date in this Series IV 
of Cycle Analyses are discussed in a later part of this Section. 
They are tabulated in Appendix 1, Tables 24-25, pages 96 - 97 , 
and Tables 47-48, pages 120 - 121 . 
The tabulated data served as the basis for the study of the 
relative iiafluence of each operating condition, or independent 
variable, on pycle performance« The effect of variations in a 
certain operating condition was examined by plotting a particular 
performance quantity against such variable, other variables being 
maintained constant» Figures 2 - 4 were prepared as examples of 
this procedure« In Figures 2 and 3 the variations are shown of 
cycle efficiency and net work output (W^) as dependent variables 
with (F), the fuel fraction or mixture strength, as the independent 
variable, for a given set of operating conditions» It is ©aphasised 
that in these two particular plots only the performance data 
corresponding to the F-values of 0.15, 0*20, O.5O, 0.80, O.9O 
and 1#C)0 are considered to he accurate; i»e« data obtained in 
Series I and III of Cycle Analyses. Precise data are obtained only 
from those calculations in which the cycle solutions are carried out 
either with the aid of the modified air chart, as in the case for 
cycle mixture strengths F « 0.15 a»d F « 0.20, or with the aid of 
a modified air chart in conjtinction with an available burned mixttire 
chart constructed for an F-value corresponMng to the cycle 
mixture strength, that is for the Vâ ûes F « O .5O, O.8O, 0.90, and 
1.00. In addition to these precise data, a maaber of intermediate 
points are shown on the plots representing performance data established 
using existing burned mixture charts of an F-value nearest to 
the cycle mixtiire strength. Series IV of Cycle Analyses. From the 
distribution of the points, it is evident that this latter practice 
results in performance values that are in error, particularly in the 
case of the efficiency» It is considered that the smooth curves 
drawn through the points evaluated with the aid of burned mixture 
charts of the correct F-value give improved values of cycle performance 
at intermediate mixtiire strengths» fhus, for these points, a 
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higher degree of aoctiraey is attained from ̂ pirical equations based 
on the mean ourve than is possible by individiial cycle solutions 
from the available charts« 
A typical example of other plots \ised in the correlation of 
perforaance data is given in Figure Maooth curves drawn 
throu^ the plotted values of the cycle efficiency ( ) illustrate 
the interdependence of the efficiency and the coapression ratio 
(r) for a wmber of selected values of the mixture strength (P)# 
By eoiplc^ng well-known curve-fitting techniques^an empirical 
equation was developed to express this relationship, bearing in mind 
that its final form should be adapted to nomographic representationo 
ai5>irical equation (25) listed in Table 1, page 36 , fits this 
particular set of curves« It expresses the relationship between the 
variables to the degree of accuracy given in the table© 
fhe exact procedure followed in the develoixsent of an empirical 
relationship fr<Ha a large number of cycle data is described and 
illustrated by the example presented in Appendix 3 , page 125 • 
SE(^IOH 7 o 
EMPIBICAL E<^ATIOKS. 
7-1 ^ i p i r i o a l Equations f o r Cycle Performance» 
I t i s shown i n Equation (17) t h a t t h e net work output (W^) of 
t he oycle may he r e a d i l y expressed i n t h e cycle e f f i c i e n c y (•V)) 
and the mixture s t r e n g t h ( F ) , Also, f r a n Equation (20) , the 
mean e f f e c t i v e press \ i re (MEP^) of t h e cycle i s d i r e c t l y proportionn-
a i t o (W )• As a r e s t i l t , only one empir ica l equa t ion to express 
n 
cyc le perfoimance need "be developed. I n the c o r r e l a t i o n of cyc le 
da ta the e f f i c i e n c y (v^ ) was s ing led out a s the dependent 
v a r i a b l e , E<3uation (21 ) may be expressed e x p l i c i t l y as 
Three s a p i r i c a l express ions f o r ) were e s t a b l i s h e d over 
the range of the maximum cycle p r e s s u r e ; they a re l i s t e d i n 
Table 1, Equations (24) - (26)» Their r e l i a b i l i t y may be judged by 
canparing the c a l c u l a t e d va lues of ) wi th the observed va lues , 
i#e* the va lues r e s i i l t i n g from the cycle so lu t ions» The 
dev ia t ions were computed as percentages of the observed values» Both 
the maximum and t h e average dev ia t ions a r e l i s t e d d i s rega rd ing t h e i r 
a l g e b r a i c s i g n s . I t i s ^aphasized t h a t only those dev ia t ions a re 
included that correspond to a "true" observed value, i .e« a value 
of ('Vĵ  ) obtained from a <^cle calculation in which a "burned 
mixtxire chart of the appropriate P-value was used» Th\is the 
listed deviatioi^ reflect in a realistic manner the degree of 
accuareicy achieved in f i tt ing enroirical equations to the c jc le data 
curveso 
TABLE 1 
EMPIRICAL EiaUATIONS FOR THE CYCLE EFFICIENCY ) 
Maximum o y o l e 
p r e s s u r e (p^^^) 
l b . / i n • a b s « 
E n p i r i o a l e q u a t i o n f o r t h e c y c l e e f f i c i e n c y ) 
E q u a t i o n 
N o . 
D e v i a t 
% o f o b s e 
Maximum 
i o n s y 
r v e d v a l u e 
A v e r a g e 
800 - 0 . 0 0 0 , 2 0 0 r ^ + ( - 0 . 0 0 1 , 6 5 F + 0 . 0 0 7 , 6 5 ) ( r + 9 l . 4 ) - 0 , 0 4 4 ( 2 4 ) n o 0 . 6 
1000 - 0 . 0 0 0 , 2 5 Q r ^ ( - 0 . 0 0 2 , 5 0 F + O o O l l , 5 0 ) ( r + 5 0 . 8 ) - O.O44 ( 2 5 ) n o 0 . 3 
1200 - 0 . 0 0 0 , 2 5 0 r ^ + ( - 0 . 0 0 2 , 2 0 F + 0 . 0 1 2 , 2 8 ) ( r - f . 5 6 . 2 ) - 0 . 1 5 6 ( 2 6 ) 1 . 2 0 . 5 
900 - - n 2 0 . 5 
ON 
7»2 Bapirioal Sqtiations for Cycle Tesperatxares^ 
In the empirical procedure described for the analysis of 
limited-pressure cycles the formal thenaodynaaic cycle solution 
i s "by-passed coiapletely» Ko consideration is given to the 
cyclical thermodynamic properties of the working f luid, since 
these do not enter into the empirical equations for pycle 
performance • However, a knowledge of certain values of these 
properties may he valuable from the design point of view» 
Notably the maximum cycle temperature and the exhaust temperature 
are quantities of interest to the designer of limited-pressure 
diesel engines» For that reason the previous analysis of the 
idealized limited-pressure cycle was extended to establish re -
lationships between these quantities and mixture strength, 
compression ratio, and maximum cycle pressure for fixed values 
of intake aM exhaust pressure and intake t^sperature* 
Considering the maximum cycle temperature 
the following functioial relationship may be stated i -
f - é (r, F, p ) (2?) max r \ f •fc'jiax̂  ^ ^ 
Also, referring to the P - V diagram in Figure 1, the exhaust 
temperature (T ) is equal to T « f since the process 
3 - 4 * is a reversible adiabatic, the ratio (T^) of niaximum cycle 
teeperature to exhaust temperature may be expressed thus t -
n-1 
^r " " ( ̂ ^^ ^ i^®) 
^ ^ Pe 
The index of expaasioa (n) is dependent on the value of the 
mixttire strength (F), since this quality controls the coaposition 
of the expanding noiking fluid# 
Therefore, l̂ y taking (p ) as constant, e 
^e • W O (29) 
Alternatively, in analogy to Equation (2?), 
T^ o (r, P, p ^ ^ ) (30) 
Actual values of the maxiaua cycle temperature (T _) as «sax 
determined in the formal c^cle solutions are listed in Appendix 1, 
Tables 26 - 41, pages 99 - 114 . 
These taimlated data were used in the developsent of an exact 
«fipirical expression to replace the fxmctional relationship of 
Equation (27)» Using the curve-fitting technique described in 
Appendix 3 , page 125, a siarale and accurate expression for 
(T ) was established. Equation (31 ), Table 2, page 40 . 
max 
CoBparIng the values of (f ) listed in the tallies of cosiputed 
cycle data with tk© values calculated Tsy means of Equation (31 )> 
the average deviation appears to he and the mRTlimam 
deviation which is considered satisfactozyo 
A similar procedure applied to the exhaust t^3perat\ire 
(T ) produced Equations (32) and (33), Tahle 2, page dO , e 
to replace the functional relationships of Equations (29) and 
(30), respectively« The deviations for these expressions are 
listed in fable 2o 
TABLE 2 
MPIRICAL EQUATIONS FOR MAXIMUM TEMPERATURE AND EXHAUST TEBiDPERATURE. 
Temperature Empiricai Equation 
Equation 
No. 
Deviai 
j i of obsei 
Maximum 
iions 
'ved value 
Average 
T max 1875 + (0.410 p^^^) 4. (n03r^ - 45.3r) +(4082F-.958F^) UlcLJw (31) U4 0.3 
T - T /T r mar e (-0.0003945' + 0.00080) (p + 1325) + 1 . 2 1 max (32) 0.9 0*4 
T e 846 + (2013 - 0.290 p^^^) F + (0.673r^-27.8r) majc (33) n 5 0.5 
o 
SBCTIQg 8 
KOMOGRAPHIC PRSSEKTATIOF CF RESULTS 
The OOTiplexity of the final «apirical relationships for cycle 
performance quantities and cycle temperatures of interest, as 
laid down in Equatiois ( 2 4 ) - (26), and (31) - (33), suggests 
the final presentation of the data in the form of alignment charts. 
The application of well-known chart construction techniques ) 
results in the nomographs of Figures 5 - 9 * Since these nomo-
graphs are "based on cycle c^putation procedures involving the use 
of thermodynamic charts, they may he used to supersede such 
procediires and charts» 
In contrast to the conventional procedure of estimating ideal 
cycle perforaance "bj individual cycle constructions for each given 
set of operating conditions the nomographic chart ccxapletely 
eliminates the necessity to solve the thermodynamic cycle^ As a 
graphical aid it has s<xse distinct advantages when applied to the 
analysis under consideration. The efficiency, as well as other 
performance figures of the ideal cycle (or "limiting fuel-air cycle**), 
can "be determined in a fraction of the time involved in the trial-and-
error solution of the cycle. If the probliss irrvolves the 
of a trend in cycle performance variation in response to B. change in 
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COMPRESSION R A T I O , AND FUEL F R A C T I O N . 
one or more of the operat ing conditions^ the char t o f f e r s an 
immediate answer^ F i n a l l y , t he char t i s wel l-adapted t o 
in te rpo la t ion^ As discussed i n Sect ion 6, t h i s f e a t u r e i s of 
p a r t i c u l a r isQJortance when considering mixture s t r eng th , where 
the number of cor rec t cycle computations over the p r a c t i c a l range 
of d i e se l engine opera t ion i s l im i t ed by the a v a i l a b i l i t y of burned 
mixture char t s of the appropr ia te P-values» 
8-1 Komograph f o r Cycle Efficienqy# 
The ncanograph f o r cycle e f f i c i e n q y , Figure 5, may be used t o 
es t imate - with a t l e a s t the same inherent degree of accijracy as a 
cycle c a l c u l a t i o n performed with the a id of thermodynamic char t s -
the cycle e f f i c i e n c y f o r acy reasonable conbination of values of 
compression r a t i o , f u e l f r a c t i o n , and maximum cycle pressure* 
I t w i l l be noted t h a t the char t f e a t u r e s a t o t a l of four constant 
pressure l i n e s i n the range 800 to 1200 l b * / i n . abs# The 
curves f o r 800, 1000 and 1200 l b . / i n • abs# were cons t ructed 
using Equations (24), (25) and (26) r e s p e c t i v e l y . The 
900 l b » / i n • abso curve was e s t ab l i shed by i n t e r p o l a t i o n methods, 
the e r ro r s l i s t e d i n Table 1 being computed from t h e ana lys i s of an 
add i t i ona l s e r i e s of cycles f o r t h i s peak p ressu re . 
In tifling the nomograph it should he realized that certain 
ooffibinations of operating conditions are inccnnpatible with the 
adoption of the mixed cycle, since th^ cause the P - V diagram 
to be distorted from the standard shape of Figure As a result 
two restrictions are to be placed on the applicability of the 
performance chart to the ranges of operating conditions originally 
specified# 
The first restriction involves those cycles in which due to a 
high coBipression ratio the compression ̂ ad pressure exceeds the 
maxlTsum pressure adopted for the cycle« Since the occurrence of 
this irregularity is independent of the mixture strength, the ranges 
of unsuitable ccapression ratios were omitted from the constant 
maxiffiam pressure curveB on the diagram̂  The limiting values of (r) 
may be estimated for all values of the maximum cycle pressure from 
the followirig ̂ pirical relationship i 
r ^ ^max + 3.0 .....(34) 
60 
The second restriction applies to those cycles in which the 
amount of injected fuel is insufficient for the maxinaiffi cycle pressure 
to be attained* This involves the combination of a low value of the 
coii5)ression ratio and mixture strength, together with a high 
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specified maximuin cycle pressure^ Distortion of the P - V 
diagram OGCUTB only in the range of F - values "between G#15 and 
0*20* In all cases the minimum value of (r) above which no 
distortion is experienced may be estimated from the following 
empirical relationship» 
> P^^ + 147G max (35) 
8-2 Hcffiograph for Cycle Outputs 
Once the value of the cycle efficienpy (ifĵ) is detemined from 
Figure 5f Equation (l?) may be used to ccrapute the net work output 
Alternatively, the value of (W^) can be read from a second 
nomograph, Figure 6, which presents graphically the relationship 
between the three variables of the equationo 
8-3 Homograph for Mean Effective Pressure» 
While the value of the mean effective pressiire could be obtained 
from Figure 6 by the inclusion of a second scale on the W^- axis 
having a modulus of (l/2»68) times the modulus of the W^-scale, 
Figure 7 has been drawn separately to avoid congestion» Again, in 
the latter nomograph, the value of ('V̂ ) fTom Figure 5 is used to 
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determine the value of the mean effective pressure (MEP^)# 
8 "4 Haaaographs for Maximum Cycle Temperature and 
Exhaust foBperatiire» 
To enable the designer to estimate the limiting values of the 
peak cylinder temperature and the exhaust temperature the nomo-
graphs of Figures 8 and 9 have been provided. The construction 
of the charts is based on Equations (31 ) and (32), Table 2, 
respectively, i.eo they present graphically the magnitudes of the 
<^cle temperatures of interest for ar^ reasonable combination of the 
three cycle operating conditions, compression ratio, fuel fraction 
and maximum cycle pressure. Combinations of values of these 
pareaneters that cause distortion of the P - V diagram are 
discussed in Section 8 - 1 on the Homograph for Cycle Efficiency. 
Clearly, combinations of that type cannot be expected to give 
accurate temperature values; they are not to be considered when 
using the nomographs* 
8 - 5 Example of the Use of the N<anographs# 
As an example of the use of the charts an analysis is carried out 
on a 4-stroke Diesel engine, the indicator diagram of which is known 
to be sxjfficiently close to the P - V diagram of Figure 1o The 
compression ratio is 16 i 1, and the maximum cylinder pressure is 
linited to 1CXX> p.a.i.a. Preoh intake air reaches the cqrlinder at 
2 a toaperatiire of 540®R arid a pressure of 14 Ib./in • abs. The 
2 
exhaust presstire is 15 lb#/in . abs» The fuel-air ratio at 
maa±osuiB power output is 70 per cent of the value theoretically 
reqtiired for complete combustion^ The fuel is injected in liquid 
form at a ten^^erature of 70^P, and its characteristics correspond to 
those of noimal octene« The perforaanoe data of interest are 
the limiting values of the cycle efficiency, the net work output, 
and the net mean effective pressure at maximom engine outputs In 
addition to these data the maximxam cycle temperature and the exhaiist 
teH5)eratxire are to be estimated^ 
It will be noted that the intake and exhaust conditions, as well 
as the fuel characteristics, confom to the values adopted in the 
preparation of the performance charts» 
Solutions 
Firstly refer to the nomograph in Figure 5® The value r « l6 
on the line for p « 1000 p«s»i»ao is joined with the value max 
P « 0#7 on the fuel fraction scale by means of a straight edge» 
The straight line intersects the scale at the point YJ^« 0»543* 
This is the value of the cycle efficiency, which then is used to 
determine the remaining qycle performance quantities« Referring to 
the nomographs in Figures 6 and 7, the newly found value of 
is located on the efficiency scale and joined with the value 
F « 0#7 on the fuel fraction scale» The straight lines, when 
produced, intersect the third scale at a value for the net work 
output of f = 487 EDU/lb. of fresh air, and a value for the n 2 
net mean effective pressure of MEP^ « l83 lb«/in • 
On Figure (8) maximum cycle t^nperature, , is determined hy 
first joining r « 16 and p « 1,000 p.s.i.ao and then joining 
the point of intersection of this line on the scale with 
F « 0.7 to read on the intersection of maximum cycle tonperature 
scale, T « 4360®B. max* 
Exhaust t^erature T is obtained from Figure (9) by producing e 
the line joining p « 1,000 p.s.i^a. and F « 0.7 to intersect max* 
the ̂ '^max*^-axis at 2.43 and thenjaining this point to T ^ ^ » 4360°R 
to give on the ê <rhaust temperature axis, T « 1790^* 
Thm it is seen that, by xising the nomographs, an examination of 
the effects of the various operating parameters on ideal engine 
performance and ideal <^cle temperature is easily made. Such effects 
are useful for making comparisons with and predicting trends in actual 
engines as is shown in the next section» 
ssonm 9 
'Sl^^niwmkL IIYESTIGATIOl 
A series of eiperjjaents was conducted with a Tiew of examining 
the effects of rariations in the majLimm cycle pressure arni fuel-
air ratio on thersal efficiency, indicated mean effective pressure, 
and mean exhaust teeiperature« 
9-1 Descri-ption of A-praratus* 
fhe research en^ne lised was a Ricardo 'ES/S single-cyliMer, 
foxir-stroke, variahle-coepression engine of 3»CXX) inches "bore and 
4#3"5 inches stroke» The norsal speed range of the unit is 
1250-3000 r.p.m. 
Although origimlly designed for general research into spark-
ignition problesis, the engine say "be converted readily to coEpression-
ignition operation by changing the cylinder head and "by replacing the 
magneto hy a fuel injection pump« In the coepression-ignition 
version the engine features a Ricardo Comet II OosEpression Swirl 
coEbusticn chasher, as essployed in m&n^ coffiercial diesel engines« 
Variable oaepressicn is achieved by raising or lowering the cylinder 
relative to the crai^slmft» fhe movement of the cylinder barrel is 
meas^ed by i^^ns of a sicroseter, and the coepression ratio 
corresponding to a given sicrt^eter reading read off a calibration 
curve supplied with the unit# The compression ratio, as well as 
the timing of the injection-point can be varied whilst the engine 
is runningo 
Engine output is measured by an electric dynamocieter of the 
swinging field type® Simple switchgear enables the dynamometer to 
be operated as a motor either to start the engine, or to motor it 
for the determination of friction and pumping losses» 
Special external heat exchangers are incorporated in the engine 
design to enable controlled cooling of lubricating oil and circulating 
water® In addition to these an internal electric heater is fitted 
in the sump, allowing the oil tonperatiire to be controlled at any 
required value« These provisions ensiire identical engine operating 
conditions during normal running and motoring. 
Fuel flow rate was determined by measuring the time for the 
engine to consume 50 cc# of fuel in a calibrated pipette. 
Air consumption was measiired by means of a B.S» IO42 orifice 
plate inserted in the main inlet to a large expansion chamber, 
which acted as a smoothing capacity© This allowed the orifice to 
Q 
function under steady flow conditions» It has been shown that 
when an air box of at least 155^ cylinder volumes is utilized on a 
single cylinder engine, there is no appreciable pressure fluctuation 
upstream from the tank regardless of the frequency of the 
oscillations» Since the actiial volume of the tank represented 
approximately 16OO cylinder volumes, no correction was required 
for possible changes in the discharge coefficients of the metering 
orifice» The differential pressure across the orifice plate was 
determined by means of an Askania micrcsiiancxneter» 
The fuel-air ratio was regulated "by varying the effective 
stroke of the Bosch fuel pump. 
Two possible errors in the accurate assessment of the fuel-air 
ratio of the test engine need be mentioned» Firstly, the valve 
timing of the engine allows for the inlet valve to open before 
TDC and the exhaust valve to close after TDC. The resulting 
valve overlap of while enabling effective replacement of the 
cylinder charge, may tend to cause a short circuiting of portion of 
the induced fresh air into the exhaust manifold, thus seriously 
impairing the accurate measurement of air consumption^ Secondly, 
when the engine operates close to the smoke limit, there is a 
possibility of unbumed fuel escaping into the exhaust» 
Concerning the influence of valve overlap, it was found by the 
designer of the engine that overlaps of this magnitude do not 
have any measurable effect on air consumption* Also, to ensure that 
all injected fuel was indeed burned diiring the expansion stroke, 
a range of fuel-air ratios was selected that allowed the engine 
to operate with a clear exhaust at all times» 
Thus the mixture strench determined from the metered fuel and 
air flows is the same as the actual mixture strength in terms of 
the air retained in the cylinder and the fuel burned in it. 
Exhaust gas appearance near the smoke limit was judged by visual 
examination; a small branch pipe and gate valve are fitted to the 
exhaust pipe, and by opening the gate valve momentarily the exhaust 
gas may be viewed against a white tile background. 
All temperatures were measured "by merc\iry-in-glass thermometers. 
To determine the exhaust gas temperature a special well was provided 
in the exhaust pipe. 
Maximum cylinder pressures were recorded by means of a Dobbie-
Mclnnes "Pamboro" electric indicator. 
In addition to a tachometer driven from the dynamometer shaft, a 
hand-type Smith's tachometer was used for measuring engine speed. 
Views of the apparatus are given in Plates 1 and 2, 
9-2 Calibrations. 
CcHnpression ratio» The Eicardo engine is of the variable coiipression 
P L A T E I 
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type, a feature mainly provided for research into spark-ignition 
problems« The designer of the engine has emphasized that the 
performance of any compressions-ignition engine depends to a large 
extent on the foim and proportions of the combustion chamber. 
In this respect the limitations of the unit for research on 
compressionf-ignition qycle behaviour are recognized and accepted» 
It is believed, however, that the engine can be utilized to 
advantage for the purpose of the present study» The shape of the 
combustion chamber is not taken into consideration in the analysis 
of the theoretical cycle, and hence, this parameter is not to be 
altered during the experimental investigations» Unfortunately, this 
also implies that the compression ratio must be kept at a fixed 
value, thus limiting the scope of the experimental work» 
The constant value of the compression ratio adopted for the tests 
was r « 20» Since for reasons given above the manufacturer did not 
supply a calibration curve for the compression ratio adjustment of 
the compression-ignition version of the engine, this calibration had 
to be carried out in the laboratory in order to determine the correct 
cylinder barrel setting corresponding to the above value» The 
method used was by direct measurement of the clearance volume in the 
caapressiott-ignition head» The resulting calibration curve is 
presented in Figure 10» 
Maxim\3m cylinder pressure^ The indicator springs of the "Farnboro** 
electric indicator were calibrated by producing constant pressxire 
lines at 100 lb»/in • intervals on the paper secured to the drum* 
The usual spring-rate curve was plotted from the parallel lines 
recorded» 
The rn̂ Tirniim cylinder pressure was considered to be an independent 
variable in the present work, its value raaaging from 800 - 1,200 lb»/ 
in^» abs# In a preliminary series of test runs the influence of 
the injection timing on the maximxan cylinder pressure was investigated. 
An injection point of 37° before TDC was found to give the lowest 
maximum cylinder pressure compatible with reasonable overall 
performance over the speed range# At this setting the combustion 
delay is at a minimum, since the delay period occurs near TW 
when the cylinder pressure and ten^erature are high« Advanc^aaent 
of the injection timing will cause a longer delay period, during which 
a relatively large quantity of fuel is injected. This results in 
a high maximum pressure, since the combustion of a large portion of 
the injected fuel will occur at constant volume» 
Although there was a wide scatter of maximum cylinder pressures 
for any given combination of injection timing and engine load, average 
readings indicated a maximum cylinder pressure of 800 Ib./ln .abs. 
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for an injection timing of 37° 'before TDC, increasing to 1200 
l"b#/in . abs# at 47 "before TDC. It may be assumed that 
maximum cylinder pressure varies approximately linearly with 
injection a d v a n c e ^ e n g i n e loading appeared to be of negligible 
influence in this respect• 
Puel-air ratio. A number of preliminary test runs was conducted 
to establish the relationship between the setting of the control 
screw on the fuel pump rack and the fuel-air ratio at a given 
engine speed. Although an approximate correlation was fotind. 
Figure 11, fuel consumption appeared to be erratic - particularly 
at the low fuel-air ratios - and in the actual perfoiroance tests the 
positive displacement method of fuel metering was resorted to. 
However, the diagram is useful in obtaining approximate settings, 
thus streamlining the procedure of arriving at the correct P-value 
for a certain test. 
For a range of metered air consumption values, a second, more 
accurate, chart was constructed as an aid in the correct adjustment 
of mixture strengths This chart, Figure 12, depicts the time 
required to consume 50 cc. of fuel for a range of fuel fraction 
values F « 0#l6 - 1.20. The range of air consumption values on the 
chart corresponds to the normal operatirig range of the Eicardo test 
engine* 
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The specification for the distillate fuel oil used during the 
tests was as follows : 
Distillate Fuel Oil 
B.S. Specification 2869-1957 Class A 
Specific Gravity S.G. = 0»8l8 
Stoichicsnetric fuel-air ratio F^ » 0^0667 c 
Calorific values, high Q^ » 18,530 BTU/lb̂  
low Q^ « 18,330 BfU/lK 
The derivation of the relationship "between the metered fuel and 
air consumptions and mixture strength is given in Appendix 4»2, 
page 132 . 
Finally, a graph was constructed of the flow of air at standard 
conditions versus the differential pressure across the metering 
orifice. Figure 13, This chart, together with two additional plots 
for the appropriate multipliers for amhient air t̂ aperature and 
pressure, provided a convenient means of determining the air 
consumption of the enginê  The orifice plate calculation under-
lying the chart is given in Appendix 4*3, page 133 • 
9-3 Egperimental Procedure» 
A fixed compression ratio of 20 was selected as heing a typical 
value for four-stroke, small "bore, pre-chamber, compression-
ignition engines* 
The criterion in the selection of engine speed is the correspond-
ing piston speed and its ensuing influence on turhulence^ As can 
be seen in Figure 11 j high values of these parameters increase the 
quantity of fuel that can be burned efficiently and, hence, increase 
the maximum engine output. Since ttirbulence is a parameter not 
considered in the idealized cycle analysis, its influence must be 
minimized d\iring the experiments by keeping the engine speed constant. 
Current practice entails mean piston speeds for foxir-stroke compress-
ion-ignition engines well over 15OO feet per minute. Accordingly, 
a speed of 2000 R.P.M. was selected as being representative of 
modez^ higl>-speed engines. 
Referring onee more to the mixture strength adjustment chart, 
Figure 11, the selection of an engine speed of 2000 R.P.M. enables the 
experiments to be carried out over an approximate range of 
F » 0.35 - Oo75« Below this range the engine is operating at very 
low load and engine behaviour tends to become erratic; beyond the 
top of the range occasional traces of smoke begin to appear in the 
exhaust gas. In this regard the definition for maximum useful 
12 
power output of ccHspression-ignition engines is by no means clear ). 
However, the value of (F), the mixtxire strength, rarely exceeds 
p « 0#7« In most oases operation above P » 0»6 is oonsidered 
to he overload operation, and "best eooncxny usually occurs near 
F - 0.5 
Pive series of test runs were conducted over the range of fuel-
air ratios. By careful adjustment of the fuel pump control and 
"by allowing ample time for engine conditions to stabilize after a 
load change the actual P - values used ranged from 0« 35-0*75 iĴ  
increments of 0»10# 
Control of the maximum cylinder pressure by means of adjusting the 
injection timing proved to be rather inaccurate. However, in 
each series of tests a number of five different maximum pressures 
were obtained, that were suitably spaced over the range 
p - 800 - 1200 Ib./in^. abs. max. 
The brake mean effective pressure was determined by means of the 
swinging-arm type dynamcxneter» Since for comparison of the 
experimental results with the theoretical data the indicated mean 
effective pressure is of interest, a knowledge of the mechanical 
efficiency of the engine was essential» The accurate measur^aent 
of mecheuxioal efficiency for a high-speed engine is not a simple 
matter ̂ ^̂  Many methods have been used, of which the 
motoring of the engine directly after a running test is of reason^ 
able accuracy. The latter procedure was adopted in the present 
experimental work, great care being taken to Biaintain constant 
cooling water and lubricating oil temperatures. In spite of 
this the values obtained for friction mean effective pressure 
showed a fairly wide scatter, and - recognizing the inherent 
inaccuracy of the method - a mean value was adopted in the 
calculations^ 
As expected, the measuranent of the exhaust temperature hy 
means of the mercxny-in-glass thermometer inserted in the exhaust 
duct proved to be very sensitive to the position of the instnssent 
in the duct. Whilst great care was taken to maintain the same 
depth of inmiersion for each measurement, the readings are indicative 
only of certain trends in exhaust t«nperature variations. It is 
realized that measurement of mean exhaust temperatxire by this means 
leaves much to be desired although it is only changes of 
temperature with operating parameters that are of interest here. 
IXie to lack of suitable instruirent&tion no attempt tt̂ b msde to 
determine the maximum cycle tesaperature. 
JLli experimental results of interest were ccxnpiled in Appendix 
Table 52-56, page 139 - 143. 
The calcailated values of engine performance quantities are listed in 
Table 57-61, page 144 - 148 • The derivation of the fundamental 
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equations of engine performance is presented in Appendix 4-1 > page 130 
Subsequently, the experimental values of indicated mean effective 
pressure, thermal efficiency and exhaust tooperature were plotted 
against maximum cycle pressxire for a range of fuel -air ratios in 
Figures 14> and l8. In Figures I5j and 17 curves 
of indicated mean effective pressure and thermal efficiency are 
plotted against fuel fraction for a selected value of maximm cycle 
pressure of 1,000 these curves were computed from 
Figures 14 and l6 since i t was easy to maintain a constant fue l -
air ratio while experimenting, hut di f f i cult to maintain a constant 
maximum cycle pressiire« 
9-4 Comparison between Experimental and Theoretical Results» 
In Section 5 fixed values were adopted for the three operating 
peurameters, intake pressure, temperature of fresh intake air, 
and exhaust pressure, of the theoretical cycleso These values are 
considered sufficiently close to the corresponding values in the 
experiments to allow a comparison to he drawn between the theoretical 
and experimental results» 
Adopting the same compression ratio, r = 20, as for the test 
engine, the ncanographs of Figures 5 and 7 are used to compute a 
masher of values of the cycle efficiency and theoretical mean 
e f f e c t i v e p r e s s u r e ; curves a re p l o t t e d of these performance data 
aga ins t maximum cycle p ressu re and f u e l f r a c t i o n » Figures 14 
t o 17 show t h e t h e o r e t i c a l curves as wel l as the corresponding 
experimental curves p l o t t e d from the data i n Appendix % Heat 
t r a n s f e r t o or from the working substance has not been taken i n t o 
account i n t h e t h e o r e t i c a l ana lys i s causing the t h e o r e t i c a l curves 
to be scxnewhat d i sp laced frcsB t h e experimental . However, i t i s 
i n t e r e s t i n g t o observe the s i m i l a r t rends* 
Mean E f f e c t i v e Pressures* 
I n Figure 14 t h e o r e t i c a l mean e f f e c t i v e p res su re increases 
s t e a d i l y wi th maximian cycle p ressure a t constant f u e l a i r r a t i o s * 
This i s t o be expected s ince an inc rease i n maximum pressure enables 
more f u e l t o be burned a t conate^it volume, leading t o a higher 
e f f i c i e n c y as i l l u s t r a t e d i n Figure 16, Mean e f f e c t i v e p ressure i s 
d i r e c t l y p ropo r t i ona l t o e f f i c i e n c y f o r a constant heat r e l e a s e , 
and i t a l so must inc rease with maximum cycle pressure* Experimental 
o\irves of mean e f f e c t i v e p re s su re and e f f i c i e n c y , Figures 14 aßä l6 
show a t f i r s t s i m i l a r r a t e s of i nc rease t o the t h e o r e t i c a l curves, 
as maximum cycle p res su re i s increased* They then reach a peak 
va lue , depending on the f u e l - a i r r a t i o and decrease s t e a d i l y with 
f u r t h e r i n c r e a s e s i n maiinrnm cycle pressure* This decrease can be 
a t t r i b u t e d mainly t o the increased heat l o s s a s soc ia t ed with constant 
volome combustion outweighing the gain in efficiency ideally-
attainable; the effect is far more predominant at low mixture 
strength because of the corresponding greater proportion of fuel 
burnt at constant volume than at constant pressure« 
Curves of mean effective pressure and efficiency are plotted 
in Figures 15 and 17 against fuel fraction from Figures 14 
and l6 for a constant maximum cycle pressure of 1000 Ib./in.abs« 
The experimental curve of mean effective presstire, Figiire 15̂  reveals 
at first almost the same rate of increase with increased fuel 
fraction, but departs rapidly from the theoretical ctarve at 
higher values» As shown by the theoretical curve, mean effective 
pressxire ideally should increase almost linearly with fuel fraction« 
However, in an actual engine it is likely that some of the fuel 
is unbumt at the point of "cut-off" (point (3) on theoretical 
diagram. Figure (l) and that combustion may continue during portion 
of the expansion stroke and perhaps, in scaae instances, may not be 
COTiplete when the exhaust valve opens This effect would be 
more likely to occur at the higher mixture strengths, causing a 
reduction in mean effective pressure. 
Efficiencies« 
A similar effect to the above is shown on the efficiency curves, 
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Figure 16, since for a constant marLmum cycle pressure, thermal 
efficiency is directly proportional to mean effective pressure and 
inversely proportional to fuel fraction^ Theoretical curves 
COTiputed from data published by others are included in 
Figures 15 and 17 for cc®parison# It should be noted that 
for these curves a compression ratio of 15 was used instead of 20 
as in the present work» Agreement between the two curves is very 
close, particularly when the open scale used for efficiency is taken 
into account« 
Temperaturesa 
In Pigtrre 18 theoretical curves of exhaust temperature versus 
maTimum cycle pressure, computed from the ncjmographs, Figures 8 and 
9f for various fuel-air ratios are cc®pared with experimental curves» 
Oring to a greater heat release at constant volume, an increase in 
maxlBium c^cle pressure at coiietant fuel-air ratio tends to increase 
the maxiarum c^cle t^iperature as shown in Figure 19» This tends to 
increase the exhaust t^speratnre^ but the resulting higher expansion 
ratio with i t s associated high teoiperature drop, predominates, the 
net effect being a reduction in exhaust t^sperature» Although the 
e3qjerimental values of exhaust t«m)eratx2re are somewhat lower than 
the theoretical, due to heat transfer and possibly the means adopted 
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f o r temperatiire measutrement, the rate of ohaiige appears niuch the 
same in both oases and is almost independent of fuel-air ratio» 
In Figure 20, exhaust temperature i s plotted against fuel 
fraction from Figure 18, for a constant maximum cycle pressure of 
1,000 Ib/i 
n abs* Again the rate of change is comparable between 
theoretical and experimental curves, higher temperatures being 
experienced with increased fuel quantities, because of the 
corresponding higher maximum temperatures. Figure 21, and 
reduced expansion ratios associated with increased constant pressure 
combustion« 
No suitable equipment was available to assess accurately the 
maximum cycle tanperatxireso However, i t is reasonable to assume 
from Figures 14 to 20, that experimental curves would show 
similar relationships to the theoretical curves of Figure 19 
plotted frcHU the ncHnograph, Figure 8» In Figure 21, a curve of 
mft-Himna (^cle temperature versus fuel fraction, for a masimiaffi cycle 
pressure of 1,000 Ib. / in abs*, show» close agre^nent with values 14 \ published elsewhere )• 
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PBEBICTING EBCTOBMANCE CF A DI^EL MGISE> 
In order that an estimate of the thermal efficiençy of a ocmï-
pression-ignition engine may be made, a graph of the ratio of 
actual thermal efficiency to theoretical efficiency versus fuel 
fraction is plotted from Figure l6 in Figure 22» Values for 
individual points on the graph are given in Appendix 6, Table 62-
65» Pâ-ge - 150. Although the graph is based on a single 
cylinder engine having a compression ratio of 20, a fresh air 
intake t^aoerattire of and intake and exhaust manifold 
pressures of 14 and 15 lb . / in abs#, i t is reasonable to assume 
that, together with the nomograph of Figure 5> i"̂  would be useful 
in estimating the thermal efficiency of other coapression-ignition 
engines of comparable design, but controlled by a different set of 
î>araiBeters« Ma-Hmim cycle pressure is seen to have a greater 
influence on the efficiency ratio at the lower fuel-air ratios because 
of the greats heat loss associated with the increased proportion of 
constant volume combustioru 
A graph of the ratio of actual indicated to theoretical mean 
effective pressure against fuel fraction is plotted in Figure 23o 
These curves are plotted from and are of similar shape to those of 
Figure 22» Theoretically, the ratio of actual indicated mean 
effective pressure to the theoretical mean effective pressure 
should e q ^ l the efficiency ratio. However, in the experiments 
the fuel used differed appreciably from octene, CgH^g, which 
was the fuel selected for the preparation of the thermodynamic 
charts. This necessitates the introduction of a factor of 
proportionality. Frcan Equations (l7) and (20) it can be seen 
that 
- S h ^ ^ h ^ ^th 
where K^j^ • a oonstant 
Likewise, for the experiments 
(IMEP)^ = K^ I P^ I M^ (37) 
CoBbining Bcjuations (36) and (37) and introducing the 
ratios of the parameters, actual to theoretical, 
P 
(MEP)^ - K^ I -S- x /yĵ  (38) 
^th 
Por !s_ - 1 
^ h 
^ r "" ^ r ^ ' ^ r ..••(39) 
where K^ = O.899, a constant. 
The derivation of the factor of proportionality (Z^) is given in 
Appendix 4o4> page 136 . 
Figures 22 and 23 may "be used together with the nomographs 
of Figures 5 aiid 7 for estimating indicated mean effective 
pressure. Figure 23, i s , in fact , a plot of what is sometimes 
referred to as '̂diagram factor^* by the engine designer. 
Since the curves presented in Figiires 22 and 23 derive from 
the experimental values of the - thermal efficiency as plotted in 
Figure 16, their accuracy depends to a great extent on the reproduci-
b i l i ty of the carves drawn through the plotted points in the 
latter diagram^ In drawing these curves, the main consideration 
was to obtain a fa ir distribution^ i . e . , the total positive 
deviations are to equal the total negative deviations consistent 
with the curves being smooth, and the change in shape being gradual. 
As a check on the f inal result, the above data based on Figure 16 
were compared to data obtained in a similar manner from Figure 14* 
For ease of comparison al l results were compiled in Appendix 6, 
Table 62-65, page 149 • general there is good agreement between 
the two sets of values of the mean effective pressure ratios5 the 
average deviation without regard to sign amounts to O.Sji, 
whilst the maximum deviations are +1»95i and 
siscnos 11 
SDMABT OF CONCLUSICHS 
1# Theoretical performance equations used for the analysis 
of idealized coispression-ignition engines are "based on 
the thermodynamic properties of the working fluid at 
salient points in the cycle. fhe determination of 
such properties with the aid of thermodynamic charts 
requires a c<®iplete solution of the cycles i . e . , the 
cyclical variation of the state of the working fluid must 
he computed hy iteration over the cycle® 
2» The introduction of empirical relationships expressing 
cycle perforaance in terms of the operating conditions of 
the cycle eliminates the need for complete cycle 
solutions, except in those instances where knoifledge of the 
cyclical properties of the working fluid is essential from 
the design point of view. 
3* Eie influence of maxisum cycle pressure, cc^pression ratio, 
a M mixture strength on cycle perfonsance has "been examined 
"by empirical relationships developed frcsi thermodynaznic 
charts. klthongh. scsse data have been included on the 
effects of intake pressure, fresh air intake t®iperat>^e, and 
exhaust pressure, an extension of this work would be of interest, 
4# In addition to the time savings experienced, the method of 
empirical relationships improves the accuracy of computing 
performance data for cycles having a mixture strength that 
requires interpolation between existing thermodynamic charts* 
5» Limiting values of the peak cycle temperature and exhaust 
tonperature are of particular interest to the design engineer. 
The variation of these t^speratures in terms of the engine 
operating conditiois are examined in a similar manner to 
those of engine performance« 
Ncsnographs constructed from the empirical relationships 
find favour since th^y allow immediate assessment of a 
trend in cycle performance variation in response to a 
change in one or more of the operating conditions« 
7* Plots prepared from the ncanographs of theoretical cycle 
efficiency and theoretical mean effective pressiore in terms 
of ccanpression ratio, mixture strength, and maximum cycle 
pressure, compare favourable with those obtained by others» 
8« C<»iparison of the theoretical curves for cycle efficiency 
and theoretical mean effective pressure with ciirves 
representing experimental performance data reveals 
similar trends for corresponding variations in operating 
conditions* 
Graphs of the ratio of thermal to theoretical efficiency, 
and indicated to theoretical mean effective pressure 
against mixture strength are useful to the designer to 
make reasonable predictions of performance figures to 
he expected in practice* These curves are to "be used 
with caution since they apply only to a four-stroke single 
cylinder compression-ignition engine fitted with a "Comet" 
pre-chamher combustion chamber and operating at a compression 
ratio of 20 : 1, Graphs from similar series of tests on 
a wide variety of diesel engines would be of interest. 
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APPEÎÎDIX 1 
CYCLE CCMPOTATIONS 
1-1 Cyolioal Thermodynamio Proipearbies 
A total of four Series of Cycle Analyses were carried out, 
the details of which are given in Section 6 , page 30 • All 
data on the cyclical theimodynamic properties of the working fluid 
are compiled in this Appendix, Tables 3 - 25 , page 75 - 97 • 
The suffixes used for the symbols in the tables correspond to the 
numbers of the transition points between the cycle processes, as 
labelled in the P-V diagram of Figure 1 . 
Unless indicated otherwise, the magnitude of the fixed cycle 
operating conditions used in the cycle solutions are j 
Intake pressure p^ • 14*0 lb#/in .abs* 
Fresh air tenroerature T^^ « 540 
Exhaust pressure p^ » 15*0 lb»/in .abs. 
The values of the t«nperature (T^ ) at the beginning of 
COTipression, as listed in the tables, are assiimed values. Referring 
to the discussion of cycle solution techniques in Section 3-3 , 
the ccxnputed values of these teo^eratures must agree closely with 
the initial estimates. The computed values are included in 
Tables 26 - 48 in this Appendix. 
Q 
TalDle 3 - Itaimmi cycle pressure p̂  « 800 Ibo/in'.abs 
Fuel fraction P Ooi5 
r 14 16 18 20 22 
554 551 550 
3.10 3«06 3.05 
424 421 420 
250 237 230 
30o3 26.3 23.4 
544 658 772 >^3 >^3 
1523 1591 1657 
5351 5732 6109 
«3 15325 15116 15063 
2355 2330 2323 
32.1 31.8 31.6 
5.99 5.90 5.87 
421 418 417 
25.0 24.8 24.6 
973 959 953 
2420 2340 2320 
843 835 830 
T a b l e 4 - Maximum c y c l e p r e s s i i r e p, 
F u e l f r a c t i o n F 
8 0 0 l l D o / i n o a b s 
0 - 5 
r 1 4 16 1 8 2 0 22 
3 2 8 
4 3 8 
5 7 0 
3 o 3 0 
3 0 7 
4 3 4 
566 
3 . 2 5 
2 8 8 
4 3 0 
562 
3 . 2 0 
P 2 
5 5 6 4 
3 1 . 3 
1 5 6 2 
5 4 2 
5 9 0 1 
27.1 
1 6 2 0 
652 
6302 
2 3 . 9 
1690 
766 
> ^ 3 > P 3 
7 2 8 
1 . 7 5 
3 6 7 0 
0<,2604 
7 2 1 
1 . 7 4 
3646 
0,2580 
7 1 7 
1 . 7 3 
3 6 3 3 
0.2571 
^ 
294 
1 5 . 7 
1 9 5 8 
4 7 . 8 
2 9 1 
1 5 . 5 
1 9 4 7 
48.0 
290 
1 5 . 4 
1 9 4 2 
48.5 
T 
4 -
187 
38 .1 
1484 
184 
38.0 
1 4 7 1 
182 
3 7 . 8 
1465 
®6 1 8 1 
4 0 .0 
1 4 6 1 
1 7 9 
3 9 . 5 
1 4 5 1 
1 7 7 
3 9 . 2 
1 4 4 5 
Table 5 - Maximum cycle pressure p. 
Fuel fraction F 
SCO lb,/in^oabs. 
Co 3 
r 14 
T — 
16 18 20 22 
343 338 329 
444 439 435 
578 572 568 
3.40 3.33 3.28 
5678 5993 6380 
31.8 27.4 24.2 
1581 1635 1703 
Pg 543 649 770 > ^ 3 >^3 
1053 1043 1041 
2.23 2.22 2.21 
4532 4507 4503 
0.4180 0.4155 0.4147 
528 523 523 
16.2 16.0 15.9 
2812 2792 2789 
67.8 67.8 68.4 
324 320 319 
52.6 52.3 52.0 
T 4' 2018 2003 2000 
316 312 311 
55.5 55.0 55.0 
1986 1972 1965 
O 
Table 6 - Maximum csyole pressure p^ = 80C l'b»/in''«a'bs« 
Fuel fraction P = n O 
r 1 4 16 18 20 2 2 
3 9 5 364 3 3 8 
4 4 8 442 4 3 9 
5 8 3 5 7 7 5 7 2 
3 O 4 6 3 O 3 8 3 . 3 3 
5 7 3 7 6086 6405 
32.0 27.6 2 4 ^ 4 
1 5 9 2 1652 1 7 0 7 
5 4 0 651 7 7 0 
®3 1 2 8 1 • 1271 1267 
2 . 4 7 2 O 4 6 2.45 
4 8 9 0 4865 4856 
O o 4 7 7 2 0 , 4 7 4 8 0.4738 
7 0 2 6 9 7 6 9 5 
t 
1 6 0 ' 16.3 16.2 
3 4 2 2 3 3 2 4 3 3 1 9 
8 O 0 O 8 0 . 6 8 0 o 9 
4 2 5 421 4 1 9 
t 
6 2 . 4 6 5 O 4 6 1 . 8 
T 
4 ' 
2360 2 3 4 3 2 3 3 6 
4 1 6 4 1 2 4 1 0 j 
65.8 6 2 . 1 0 5 . 4 
2326 2 3 1 0 2 3 0 2 
O Table 7 - Maximum cycle presstire p̂  = 9CO lbo/in~»abs, 
• J 
O0I5 Fuel fraction F 
r 14 16 18 20 22 
551 
421 
237 
550 
3.05 
420 
230 
548 
3« 03 
419 
220 
Pg 
26.3 
658 
1591 
5732 
23o4 
772 
1657 
6109 
21,0 
900 
1715 
6444 
> ^ 3 
s 
< ^ 2 
1 15598 
2387 
29.0 
5.86 
15493 
2376 
28,8 
5.83 
15420 
2366 
28.7 
5.79 
418 
24.5 
951 
2302 
417 
24.5 
947 
2280 
416 
24.4 
942 
2255 
830 825 822 
Table 8 - Maximum cycle pressiire p. 
Fuel fraction P 
r) 
900 ll)./in''oa'bs. 
Oo5 
r 14 16 18 20 22 
328 307 288 278 
438 434 430 429 
570 566 562 560 
3.30 3.25 3o20 3.17 
5564 5901 6302 6625 
31.3 27« 1 23.9 21.5 
1562 1620 1683 1745 
P2 542 652 766 895 > ^ 3 
745 734 730 728 
1.58 1.56 1.56 1.56 
3732 3692 3678 3671 
Oo2575 0,2540 0,2528 0,2520 
®4 288 282 282 281 
15.7 15.5 15.4 15.4 
1936 1909 1906 1902 
47.4 47.0 47,7 47.6 
183 179 178 177 
37.8 37.0 37.0 37.0 
1 
T 
4' 1470 1452 1447 1442 
®6 178 175 173 172 
39.5 38.7 38.7 38.6 
1449 1430 1425 1421 
Table 9 - Maximiim cycle pressiire p̂  » 
Fuel fraction F « 0.8 
900 Iba/in^.abs. 
r 14 16 18 20 22 
343 338 319 303 
444 439 435 433 
578 572 568 565 
3.40 3.33 3.28 3.23 
5678 5993 6380 6704 
31.7 27.4 24.2 21,6 
1581 1635 1703 1758 
543 649 770 895 > ^ 3 
®3 1070 1058 1053 1051 
2.00 1.99 1.98 1,98 
4583 4550 4537 4530 
0.4140 0,4110 0,4095 0.4089 
®4 518 511 508 508 
r 
16,2 16.0 15.9 15.8 
^ 2768 2745 2737 2733 
66.7 67.0 67.3 67.2 
318 313 310 310 
52.0 51.5 51.4 51.3 
*T 
T 4' 1995 1973 1963 
i960 
310 305 303 302 
54.6 54.3 54.1 53,9 
1964 1942 1933 1930 
2 
T a l D l e 1 0 - Maximum c y c l e p r e s s i i r e p^ » 9 0 0 l b < , / ± n o s b s 
F u e l f r a c t i o n F 1 o O 
r 1 4 1 6 
t 
1 8 2 0 2 2 
^ 
3 9 5 
4 4 8 
5 8 3 
3-<.46 
3 6 4 
4 4 2 
5 7 7 
3 . 3 8 
3 3 8 
4 3 9 
5 7 2 
3 . 3 3 
3 1 9 
4 3 5 
568 
3 . 2 8 
V 2 
» 2 
5 7 3 7 
3 2 . 0 
1 5 9 2 
5 4 0 
6086 
2 7 . 6 
1 6 5 2 
6 5 1 
6 4 0 5 
2 4 . 4 
1 7 0 7 
7 7 0 
6 7 6 0 
2 1 , 8 
1 7 6 7 
8 9 5 
> ' 3 
1 2 9 8 
2 , 2 1 
4 9 2 9 
0 . 4 7 2 5 
1 2 8 7 
2 , 2 0 
4 9 0 7 
0 . 4 6 9 7 
1 2 8 0 
2 . 1 9 
4 8 9 2 
0 , 4 6 8 1 
1 2 7 8 
2 . 1 9 
4 8 8 7 
0 . 4 6 7 6 
^ 
687 
1 6 . 5 
3 2 9 0 
7 8 . 8 
6 8 1 
1 6 . 3 
3 2 7 3 
7 9 . 4 
6 7 7 
1 6 . 2 
3 2 6 1 
7 9 . 8 
6 7 7 
1 6 . 1 
326O 
8 0 . 4 
T 
4 ' 
4 1 7 
6 1 . 8 
. 2 3 2 8 
4 1 2 
6 1 . 3 
2 3 0 9 
4 0 8 
6 1 . 1 
2 2 9 8 
4 0 7 
6 1 . 0 
2 2 9 4 
408 
6 5 . 0 
1 2 2 9 5 
4 0 2 
6 4 . 5 
2 2 7 5 
3 9 9 
6 4 . 3 
2 2 6 4 
3 9 8 
6 4 . 3 
2 2 6 1 
( : 
Table 11 - Maximum cycle pressure p. 
Fuel fraction F 
1000 llDe/in »alDs* 
0o15 
r 14 16 18 20 22 
551 550 548 547 
3.06 3.05 3-03 3o02 
421 420 419 419 
237 230 220 214 
26o3 23.3 2I0O 19.1 
658 771 900 1015 
1591 1657 1715 1768 
5732 6114 6444 6759 
«3 16081 15910 15805 15777 
2442 2423 2412 2406 
< ^ 2 2608 26.6 26.4 26.3 
5O85 5o79 5.75 5.73 
418 417 416 416 
24o4 24.4 24.2 24.2 
951 942 933 932 
2292 2260 2215 2205 
829 822 817 815 
2 Table 12 - Maximum cycle pressiare p» = 1000 I b . / i n oabs. 
Fuel fraction F 0.5 
r 14 16 18 20 22 
318 300 288 278 
^ 432 431 430 429 
567 564 562 560 
3o23 3.22 3.20 3.18 
5461 5897 6302 6625 
30.9 27.0 23.9 21.5 
1544 1620 1690 1745 
P2 543 651 766 895 > ^ 3 
756 748 742 735 
1.44 1.43 1.42 1.41 
^ 3770 3742 3719 3700 
0,2536 0.2512 0.2492 0,2475 
®4 283 278 275 274 
15.5 15.5 15.4 15.4 
1909 1890 1878 1865 
460 9 46.7 47.0 46,6 
179 176 175 173 
37.0 37.0 36.5 36,3 
T 4' 1452 1435 
1431 1421 
®6 175 172 170 168 
38.7 38.6 38.3 38.1 
1430 1416 1408 1403 
2 Table 13 - Maximum cycle pressure p̂  = 1000 l"bo/in «abs. 
Fuel fraction F 0.8 
r 14 16 18 20 22 
358 338 319 303 
442 439 435 433 
576 572 568 565 
3O38 3.33 3.28 3.23 
5625 5993 6380 6704 
31.6 27.4 24.2 21.6 
1572 1635 1703 1758 
P2 545 649 770 895 > ^ 3 
®3 1085 1073 1066 1062 
1,82 1.81 1.80 1.79 
4627 4594 4575 4564 
0,4102 0.4071 0,4052 0.4042 
507 500 496 494 
1 
16.1 16.0 15.9 15.8 
^ 2729 2706 2690 2685 
65.3 65,2 65.5 65.7 
312 307 304 302 
51.2 50.9 50,6 50.6 
# 
T 
4' 
1970 1948 1935 1930 
®6 304 300 297 296 
54.3 53.7 54.0 52,9 
1938 1917 1909 1903 
Table 14 - Maximxjm cycle pressiire p^ 
Fuel fraction P 
1000 l b . / i n oabs, 
1.0 
r 14 16 18 20 22 
395 364 338 319 
448 442 439 435 
583 577 572 568 
3=46 3.38 3.33 3.28 
5737 6086 6403 6760 
32.0 27.6 24.4 21.8 
1592 1652 1707 1767 
P2 540 651 762 895 
1316 1302 1293 1289 
2.00 1.99 1.98 1.98 
4973 4942 4927 4919 
0.4688 0.4655 0.4635 0.4626 
®4 674 665 662 661 
16.5 16.3 16,2 16.1 
H 
3250 3221 3207 3206 
77.7 77.5 78.0 78.7 
®4' 410 404 400 399 
61.0 60.5 60.2 59.9 
H 
T 
4' 
2302 2281 2267 2264 
®6 401 395 392 390 
64.4 63.8 63.4 63.0 
h 2269 2248 2235 2230 
Table 15 - liaximum cycle pressure p̂  = 1200 Ib. / ln •abs. 
Fuel fraction F = Ool5 
r 14 16 18 20 22 
548 547 
3.03 3.02 
419 418 
220 214 
21.0 19.1 
900 1018 
1715 1770 
6444 6764 
«3 16575 16473 
2501 2489 
< ^ 2 <^2 ^ ^ 2 22,9 22.8 
,5.69 5.65 
416 415 
1 
24.0 23.7 
924 915 
*+ 
2160 2120 
810 805 
Table 16 - Maximian cycle pressxire p̂  
Fuel fraction F 
1200 I b . / i n .abs. 
0.5 
r 14 16 18 20 22 
328 307 288 278 268 
438 434 430 429 427 
570 566 562 560 558 
3.30 3.25 3.20 3.18 3.15 
5564 5901 6302 6625 6933 
31.3 27.1 23.9 21.5 19.4 
1562 1620 1690 1745 1798 
P2 542 652 766 895 1015 
®3 793 777 768 762 757 
mJ 
1.24 1.22 1.21 1.20 1.20 
3904 3845 3824 3789 3775 
0.2522 0.2472 6.2444 0.2425 0.2414 
®4 279 271 266 263 262 
15.7 15.5 15.4 15.4 15.3 
1893 1856 1839 1825 1822 
46.6 46.0 45.3 45.4 46,0 
177 172 169 168 166 
4 
37.0 36.5 36.0 35.7 35.7 
1442 1418 1405 1399 1389 
®6 
173 168 165 163 161 
38,6 38.0 36,7 37.4 37.2 
vJ 
1421 1397 1383 1375 1369 
Table 17 - 3iaximT:im oyole pressure p^ 
Fuel fraction P 
1200 lb,/in-.abs. 
0.8 
r 14 16 18 20 22 
343 
444 
578 
3.40 
338 
439 
572 
3.33 
319 
435 
568 
3.28 
303 
433 
565 
3.23 
296 
431 
563 
3.22 
5678 
31.8 
1581 
543 
5993 
27.4 
1635 
649 
6380 
24.2 
1703 
770 
6704 
21.6 
1758 
895 
7030 
19.6 
1814 
1016 
T 
1121 
1.55 
4729 
0,4063 
1102 
1.53 
4678 
0,4014 
1092 
1o52 
4653 
0,3988 
1085 
1.52 
4633 
0.3970 
1081 
1.52 
4625 
0,3961 
495 
16.2 
2688 
64.2 
485 
16,0 
2648 
64,2 
479 
15.9 
2628 
64.2 
476 
15»8 
2615 
64» 5 
475 
15.7 
2612 
64.8 
306 
51.0 
1943 
299 
50.0 
1915 
295 
49.7 
1899 
292 
49.3 
1889 
291 
49.0 
1883 
299 
53.6 
1914 
292 
52,6 
1885 
238 
52.4 
1870 
285 
52.2 
1858 
284 
52.0 
1853 
Table 18 - Maximum oyole pressTore p^ 
Fuel fraction F 
1200 Ib./in. .abs. 
no 
r 14 16 18 20 22 
395 364 338 319 307 
448 442 439 435 434 
583 577 572 568 566 
3.46 3.38 3.33 3.28 3.25 
5737 6086 6405 6760 7041 
32.0 27.6 24.4 21.8 19.7 
1592 1652 1707 1767 1818 
Pg 540 651 770 895 1012 
®3 1351 1332 
1320 1313 1308 
1.70 1.68 1.67 1.67 1.67 
5055 5019 4996 4981 4971 
0.4638 0.4593 0.4564 0»4548 0.4536 
®4 658 647 639 636 633 
16.5 16.3 16.2 16.1 16.0 't 
3193 3158 3132 3119 3109 H 
76.2 76.3 76,4 76.5 76.5 
401 393 387 385 384 H-
63.3 59.3 58.9 58.5 58.4 
T 4' 
2271 2240 2224 2212 2206 
®6 392 384 379 377 375 
63.3 62.5 62.1 61.9 61.5 
KJ 
2238 2209 2189 2179 2164 
TalDle 19 - Maximum cycle pressure p^ 
Fuel fraction F 
Compression ratio r 
Fresh air temperature T 
' ) 
1000 Vo^/ln oabs. 
Oo5 
18 
fr 
540 ^R. 
Kxhaust pressure P. 
2 
15*0 lb . / in .abs. 
11.0 1 2 o 5 I4o0 1 5 . 5 1 7 . 0 18.0 
E. 
V. 
T 
308 
5 5 0 
566 
3 . 7 3 
298 
4 8 6 
564 
3 . 4 5 
288 
430 
562 
3.20 
278 
386 
560 
2.97 
272 
356 
5 5 9 
2.81 
267 
3 3 5 
558 
2.66 
P9 
6 3 3 1 
30.6 
1693 
603 
6293 
2 7 o O 
1687 
680 
6302 
2 3 o 9 
1690 
766 
6251 
o 
1 . 4 
1681 
8 5 7 
6228 
19.8 
1687 
9 3 8 
6220 
1 8 0 6 
1677 
9 9 0 
V . 
T. 
s 
778 
1.47 
3851 
0o2608 
758 
1 o 4 4 
3781 
0.2546 
742 
1.A2 
3719 
0.2492 
728 
1.40 
3671 
0o2448 
721 
1 o 3 9 
3647 
0.2426 
7 1 3 
1o38 
3 6 2 1 
0.2400 
T 
4 
4 
p 
'4' 
1 
•4' 
^6 
^6 
263 -
19.7 
1827 
35.3 
269 
17.4 
1852 
á0o8 
275 
1 5 o 4 
1878 
47.0 
187 
38a 2 
1 4 8 6 
181 
37.2 
1456 
175 
36.5 
1 4 3 1 
163 
48.1 
1378 
167 
A 2 . 5 
1 3 9 4 
170 
3 8 o 3 
1408 
282 
1 3 . 8 
1906 
52.7 
288 
12.8 
1934 
58.3 
170 
36.0 
1407 
172 
35o2 
1420 
1 6 8 
35.8 
1400 
1 7 7 
3 2 o 7 
1439 
291 
12.0 
1950 
62.5 
165 
35.4 
1384 
178 
9 Q O - y « 
TalDle 20 - Maximum cycle pressure 
Fuel fraction 
Compression ratio 
Intake pressure 
Ex±Laust pressure 
F 
r 
P. 
1000 Vo./tn .a"bs. 
0,5 
18 2 
14.0 lb./in .abs. 
15o0 lb./in .abs. 
420 460 500 540 580 620 
- 338 - 120 84 288 498 700 
332 370 399 430 463 493 
436 480 521 562 603 644 
1.42 2.10 2.67 3.20 3.69 4.15 
4383 5027 5651 6302 6886 7489 
18.4 20.6 22.2 23.9 25.7 27.4 
1355 1470 1579 1690 1788 1890 
P2 807 782 776 766 758 754 
661 592 716 742 768 793 
1.31 1o35 1o39 n42 1.46 1.51 
3229 3539 3629 3719 3814 3903 
0.2220 0.2326 0.2410 0.2492 0.2577 0.2650 
®4 259 265 269 275 282 288 
11a9 13.2 14.3 15o4 16.6 17.7 
1808 1831 1853 1878 1905 1930 
58.0 53.5 50.0 47.0 44.1 42.4 
147 158 165 175 183 191 
33-5 34.7 35.7 36.5 37.8 39.0 
T 1299 1349 1389 1431 1470 1506 
142 152 161 170 178 186 
35.0 36.3 37o3 38.3 39.5 40.7 
1277 1327 1367 1408 1449 1483 
T a b l e 2 1 - l laximum c y c l e p r e s s u r e 
F u e l f r a c t i o n 
C o m p r e s s i o n r a t i o 
I n t a k e p r e s ^ ' i r e 
F r e s h a i r t e m p e r a t u r e 
-
—' 
•p 
rn 
f r 
1000 H ^ o / i n - . a l i s . 
18 
1 4 . 0 
540 ^R. 
3 . 0 I I 0 O I 5 o 0 I90O 
tr- 2 ^ 1 V» 288 307 
¿ 1 7 .122 /OP t_ 'w 4 3 c 434 
" 1 
q << 5 5 s 566 
3oOO OQ ^a 3 . 1 5 3 . 2 0 3« 25 
6052 6 1 1 6 6 2 1 9 i 6302 6346 
V , 23o2 23« 5 0-5 Q 2 3 . 9 2 4 . 1 
1 6 4 7 1658 1 6 7 5 i 1 1690 1 6 9 7 
1 1 T ? 6 7 5 7 766 768 
®3 0 . 2 4 5 9 0 . 2 4 6 9 
-- • C 0 . 2 4 9 2 C . 2 5 0 3 
T 3 
1 . ^ 0 1 . 4 1 1 . Ì 2 1od2 1 . ^ 2 
3684 î O /I 370^ 3 7 1 9 3 7 3 2 
®3 
7 • 1 —' 
l-i -s 7 ^ 2 ^ A c; 
2 7 3 273 — i , - 7 R — i 2 7 ^ 
14o9 1 5 ^ 1 15o3 1 5 ^ 4 1 
¿1. 
1868 1 S T 1 1?'73 A 0 n q i ^ 1 1 3 8 7 
4 8 . 2 ~ 1 ^ "7 n - 1 . - i / ^ 1 ^ 0 
73 1 1 9 1 5 1 1 17^ 1 19^ 
1 1 7 6 4 . 5 4 5 . 9 3 6 . 5 3 1 . 0 
9 3 0 1 1 6 2 1 3 1 5 1 - 131 1 5 1 7 
1 6 6 168 168 1 7 0 1 7 0 
37o8 3 8 . 0 38^3 3 8 . 3 
1 3 9 2 1 3 9 7 1 4 0 3 1408 1 i l 1 2 
Table 22 - Intake pressure 
Fresh a i r temperature 
Ebchaust pressure 
14o0 oabs. 
T f r 540 "R. 
15„0 llD./in .alDs. 
p max 800 800 1000 1200 
F 0.15 0o2 0.1 0.15 
r 15 18 18 24 
552 550 548 546 
3o08 3o05 3o03 3.00 
423 421 420 418 
242 230 220 210 
28.2 23o4 23o3 17o4 
P2 600 770 768 1152 
1556 1656 1650 1822 
5534 6109 6072 7067 
15193 16889 14048 16411 
2340 2530 2210 2480 
3I08 34^5 24.3 22.7 
5o93 6.66 4a96 5.62 
^ 419 417 418 414 
24o8 28.3 21 ,0 24.8 
964 1100 813 913 
2380 3120 1577 2100 
838 922 740 810 
T a t l e 23 - Compression r a t i o 
Inte^e pressure 
Fresh s i r tenmeratijre T 
Szihaust pressure 
9 
"0. - 1 
f r 
14.0 l b . / i n .abs 
^40 ''R. 
I5o0 l b . / i n ~ . a b 
1 
F 
SCO 
C.9 
1000 
Oo9 
1400 
0.5 
— i-w 288 
¿3S 438 43c 
' 1 1 570 562 
3.30 3o30 3.20 
6390 6390 6302 
2zl.3 23,9 
T , 1 MQA 1704 1690 1 
1 762 762 766 
^^ ! w 1 1152 1178 793 
"3 1 
'T* ^716 
1 . 9 c 
¿790 
1o68 
3900 
O.Z1ZI52 Go 435^1 0.2^13 
6C6 575 260 
1 6 . 1 1 6 . 1 15.4 
3056 1815 
74.6 7 1 . 5 44.8 
367 350 166 
57.0 55-3 35.7 
2162 9 no A 1390 
358 ,— 1 161 
60.0 58,2 37.2 
2131 207c 1369 
Table 24 - Llaximum cycle pressure p. 
Compression ratio r 
p 
800 lb./in -abs, 
18 
F for cycle 0.35 Oo4 0.6 O06 0.7 
. F for BMC Oo5 0.5 0.5 O08 O08 
261 273 300 300 307 
427 427 432 432 434 
557 559 564 564 566 
3o14 3ol6 3O23 3o23 3o25 
6209 6242 6309 6309 6348 
23o7 23.7 24.0 24.0 24o1 
1674 1679 1691 1691 1697 
P2 770 773 767 767 768 
563 614 820 827 933 
1O46 1.56 1o93 1.89 2.05 
T , 
J 
3055 3248 3992 3856 4189 
0.1993 0o2200 0.2884 0.3521 0.3845 
®4 192 225 352 372 446 
15o1 15o2 15.6 15-6 15^7 
1507 1657 2208 2211 2499 
37.8 4106 54*3 55« 6 62« 5 
"4' 
126 145 220 233 275 
3O06 33.0 41.6 42o2 47.5 
1199 1290 1632 1641 1817 
121 140 213 226 268 
37.5 34*9 44.1 44.8 50.0 
1172 1268 1604 1610 1787 
Table 25 - Maximuin c^de pressure p^ 
ComT)ression rat io r 
1000 llDa/in'^e.bs, 
18 
F for c y c l e 
F for BMC 
0 , 4 
0 . 5 
0 , 5 5 
0 . 5 
O 0 6 
0.8 
- n 
0 . 6 5 
0.8 
O o 7 
0.8 
2 7 3 
4 2 7 
^ ^ y 
3 . 1 6 
296 
4 3 1 
5 6 3 
3.22 
300 
4 3 2 
5 6 / i 
3 . 2 3 
3 0 3 
4 3 3 
5 6 5 
3 . 2 3 
3 0 7 
4 3 4 ' 
566 
3 a 2 5 
E o 6 2 4 2 
2 3 o 7 
1679 
7 7 3 
6 2 8 9 
24oO 
1687 
767 
6309 
24.0 
1691 
7 6 7 
6 3 3 5 
24.0 
1695 
7 7 0 
6348 
2 4 o 1 
1 6 9 7 
768 
6 3 8 
1.28 
3 3 4 0 
0.2132 
7 9 3 
1 o 5 1 
3 9 0 3 
0.2650 
852 
1 . 5 4 
3 9 3 9 
0 . 3 4 3 8 
9 0 5 
1 . 6 0 
4105 
0.3600 
9 5 8 
1 a 6 7 
4269 
0 . 3 7 5 7 
2 1 4 
1 ? o 2 
1606 
40.3 
i 3 0 s 
! 
1 
2006 
4 9 . 5 i 
1 
1 5 . 6 
2 1 3 7 
5 3 . 7 
3 8 8 
2 2 7 3 
56,4 1 
424 
1 5 . 7 
2414 
6 0 . 0 
T 
1 3 8 
32.3 
1258 
1 9 1 
3 9 . 0 
I 1 5 0 6 
0 0 0 
4 1 . 6 
1 5 9 1 
242 
4 3 o 6 
1678 
262 
46.3 
1764 
0 
134 
3 4 . 3 
1237 
1 8 6 
4 0 . 7 
1483 
216 
4 3 o 7 
1568 
2 3 6 ^ 
4 5 » 9 . 
1652 
256 
48.6 
1 7 3 6 
1-2 Cyole Performanoe Data and Other Cyole 
Qaantities of Interest 
•Phe performance of the idealized mixed cycle is evaluated 
by calculating the net work output, the net mean effective pressiare, 
and the cycle efficiency^ The values of these quantities are 
listed in Tables 26 - 48 , page 99 - 121 , for the four Series 
of Cycle Analyses. Also included are the limiting values of the 
peak cylinder temperature and the exhaust ten^erature, as well as 
the computed values of the residual gas fraction and the ten^erature 
at the beginning of cc»npression. 
The values of fixed cycle operating conditions used in the 
cycle solutions, if not included in the table headings, are given 
on page 74 • 
TalDle 26 ~ I'jkzimum cycle pressure p. 
Fuel f r a c t i o n F 
2 
800 Vo./ln .al ls . 
0 . 1 5 
Compression r a t i o ( r ) 14 16 18 20 22 
Net work output 
(W^), BTU/lb.fresh a i r 
1 1 8 . 0 120 .3 120.8 
Net mean e f f e c t i v e 
press . (MEP) . Y h / l n , 
43.7 44.6 44o7 
P2>P3 P2>P3 
Cycle e f f i c i e n c y 
)} P©^ cent. 
6 1 . 1 62.4 62.6 
Maximum cycle 
temperature (T^)? 
2355 2330 2323 
Exhaust temperatiire 
(T5), "̂ R. 
843 835 832 
Table 2? - Maximimi cycle pressure p^ 
Fuel fraction P 
800 lb./in •s-'bŝ  
0.5 
Compression ratio (r) 14 16 18 20 22 
Residual gas 
fraction (f) 0.0294 
0.0256 0.0227 
Corrected temperature 569.9 56506 562.4 
Net work output 
(Ŵ ), BTU/lb.fresh air 
Het mean effective 
press.(MEP^), lb./in . 
36O06 
134^5 
361.5 
135.4 
360.3 
134.9 
Cycle efficiency 
P®^ cent. 
56.0 56.1 55.9 
Maximum cycle t 
temperature 
3670 3646 3633 
Exhaust temperature 
(T5), "R. 
1484 1471 1465 
2 Table 28 - Maximum cycle pressijre p^ « 800 Ibo/in .abs. 
Fuel fraction F 0.8 
Compression ratio (r) 14 16 18 20 22 
Residual gas 
fraction (f) 
Corrected temperature 
o. 
Net work output 
), BTU/lb.fresh air n' 
Net mean effective 
press. (MEP^), Ib./in . 
Cycle efficiency 
(^)j P®^ cent. 
Maximum cycle 
temperature Ĉ )̂? 
Exhaust temperature 
(T5), "R. 
0.0220 
578.1 
514.1 
190.3 
49.9 
4532 
2018 
0.0192 
572.7 
517.4 
192o9 
50.2 
4507 
2003 
O0O170 
568.7 
515.6 
193.0 
50.0 
4503 
2000 
P2>P3 
Table 29 - Maximimi cycle pressiire p. 
Pxiel f r a c t i o n P 
800 l ì ) . / in . a b s . 
1.0 
Compression r a t i o ( r ) 14 16 18 20 22 
Residual gas 
f r a c t i o n ( f ) 
0.0189 0.0156 0.0146 
Corrected temperature 582.6 574.6 572o2 
Net work output 
(W^), BTU/llD.fresh a i r 
Net mean e f f e c t i v e 
press.(MEP^), l b . / i n " . 
599.7 
22 1 . 2 
601.6 
222.7 
602.1 
223o7 
P2>P3 P 2 > P 3 
Cycle e f f i c i e n c y 
), per cent. 
46.5 46.7 46.7 
liiaximum cyc le 
temperature (T^), 
4890 4865 4856 
Exiiaust temperature 
(T5), ^R. 
2360 2343 2336 
Table 30 - Ivlaximura cycle pressure p. 
Fuel fraction F 
900 Vo./ ln «abs» 
0.15 
Compression ratio (r) 14 16 18 20 22 
Net work output 
(W^), BTU/lb.fresh a i r 
121.7 122.2 122.7 
Net mean effective 
press. (ìi/ÌRP ), Ib. / in^. n 
45.1 45.3 45.5 
P2>P3 
Cycle efficiency 63.0 63.3 63.6 
cent. 
Maximum cycle 2387 2376 2366 \ 0 temperature 1 
Exhaust temperature 
i 1 
830 825 822 
(T5), 
TalDle 31 - Maximum cycle pressure p. 
Fuel fraction F 
2 
900 I b . / i n .abs. 
0.5 
Compression ratio (r) 
1 
14 16 18 20 22 
Residual gas 
fraction (f) 
0.0296 0.0262 0.0231 0.0208 
Corrected temperature 569.6 565o4 562.3 559.8 
Net work output 
(W )̂, BTU/lb.fresh air 
Net mean effective 
o 
press. (FiEP^), l b . / i n . 
366.3 
136.6 
1 
370.5 
138.7 
369.2 
138.2 
368.4 
138.4 
P2>P3 
Cycle efficiency 
), per cent. 
56.8 57.5 57.3 57.2 
Maximum cycle 
temperature 
3732 3692 1 i i 
3678 3671 
Exhaust temperature 
(T5), °R. 
1470 1452 1447 1442 
2 
Table 32 - Maximum cycle pressure p^ « 9^0 l b . / i n .abs. 
Fuel fraction F 0.8 
Compression ratio (r) 14 16 18 20 22 
Residual gas 
0.0223 0.0194 0.0172 0.0154 
fraction ( f ) 
Corrected temperature 
577.9 572.5 568.3 565.3 
Net work output 525.0 530.3 531 .0 1 530.0 
(W ), BTU/lb.fresh air n 
Net mean effective 194.3 197.8 198.8 198.4 2 
press.(MEP ), lb ./ in o 
Cycle efficiency 50.9 51 .4 5 1 .5 51 .4 
(Orj), per cent. 
Maximum cycle 4583 4550 4537 4530 0 temperature 
Exhaust temperature 1995 1973 1963 i960 
(T3), 
Table 33 - Maximum cycle pressure p^ = $00 llD./in .a"b3. 
Fuel fraction F 1.0 
Con^ression ratio (r) 14 16 18 20 22 
Residual gas 
fraction (f) 
0.0191 0.0167 0.0148 0.0132 
Corrected temperature 582.2 576.3 571*7 568.1 
Net work output 
(W^), BTU/lb.fresh air 
Net mean effective 
press. (MEP^), Ib./ln^o 
615.6 
227.0 
618.6 
229oO 
620.5 
230.6 
618.8 
231.6 
P2>P3 
Cycle efficiency 
(nrĵ ), per cent. 
47.8 480 0 48.1 48.0 
Maximum cycle 
temperature (T^)? 
4929 4907 4892 4887 
Exhaust temperature 
(T5), "R-
2328 2309 2298 2294 
j 
Table 34 - Maximum cycle pressiire p. =« 1000 I b . / i n «abs. 
I • - J 
Fuel fraction F 0.15 
Compression rat io (r) 14 16 18 20 22 
Net v/ork output 
(W^), BTU/lb.fresh a i r 
122,0 122o9 124o1 124.3 
Net mean effective 
press. (iffiP^), Ib . / in^ . 
45.2 45.5 460O 4601 
V < V 2 
Cycle efficiency 
cent. 
63«0 63o7 
1 
64.3 64o4 
Maximum cycle 
temperatiore (T^), 
2442 2423 2412 2409 
Exhaust temperature 
(T5), 
829 822 817 815 
TaTDle 35 - Maziraum cyole pressure p. 
Fuel fraction P 
2 
1000 lb./in .abs. 
0.5 
1 
Compression ratio (r) 14 16 18 20 22 
Residual gas 
fraction (f) 
0,0299 0,0261 0.0234 O0O212 
Corrected temperature 569O3 5650 0 562.1 559o7 
Net work output 
(W^), BTU/lb.fresh air 
Net mean effective 
press.(MEP^), Ib./i^"-
371.9 
140.8 
374.3 
141.2 
376.0 
140.5 
376.2 
141.3 
! 
P 2 > 3 
Cycle efficiency 
(/Yĵ), per cent. 
57.7 5801 58.3 58.4 
Maximum cycle 
temperature (T^), 
3770 3742 3719 3700 
Exhaust temperature 
(T5), °R. 
1452 1435 1431 1421 
2 TalDle 36 - liaximun oyole pressure p « 1000 I t . / i n .abs. 
Fuel fraction F = 0.8 
Compression ratio (r) 14 16 18 20 22 
Residual gas 
fraction (f) 
0.0225 0.0197 0.0174 0.0156 
Corrected teicperature 
577.5 572.2 568.1 1 1 Ì 
565.0 
Net Y/ork output 
(W^), BTU/l-b.fresh air 
Ket mean effective 
press. (Miilir'̂ ), V o . / l n . 
536.8 
199-8 
i 
1 541»2 
201.1 
1 i 
543.3 
203.4 
i 
543.8 
203.6 
Cycle efficienc^r 
)j V̂ "̂  cent. 
1 J^» J 
i 1 
52.7 
1 
52.7 
Maximum cycle 
temperature (T^), 
4627 4594 
1 
i 
1 ^575 456a 
Exhaust temperat ĵre 
(T5), "R. 
1970 
1 i 1 
1948 1935 ; 
i 
1930 
r J 
Ta"ble 37 - oyole pressure p^ = 1000 l'b«/in'"#abs« 
Fuel f r a c t i o n P 1^0 
Compression ra t i o ( r ) 14 1 6 1 8 2 0 2 2 
Residual gas 
f r a c t i o n ( f ) 
0,0194 O0O169 0,0150 O0O134 
Corrected temperature 
5 8 2 . 2 5760 2 57I06 568 .1 
Net work output 
(W^), BTU/lbofresh a ir 
Net mean e f f e c t i v e 
press. (MEP^), ITd./ì^i''. 
62806 
231.8 
6 3 5 . 0 
235« 1 
6 3 6 . 4 
23604 
6 3 5 . 2 
237o8 
P2>P3 
Cycle e f f i c i e n c y 
(o^) , per cent. 
4 8 . 8 49.3 4 9 . 4 49*3 
Iiiaximum cyc le 
temperature 
4973 4942 , 4 9 2 7 4919 
Ebchaust temperature 
( T , ) , 
> 
2 3 0 2 2 2 8 1 2 2 6 7 2 2 6 4 
2 
Table 38 - Î Iaxiinum cycle pressure p̂  = 1200 Vo^/ln .a"bs. 
Fuel fraction P 0.15 
Con^ression ratio (r) 14 16 18 20 22 
Net work output 
(W^), BTU/lb.fresh air 
126oO 127.2 
Net mean effective 
llDo/in^. 
Cycle efficiency 
)} per cent. 
V3<V, V -^V 2 V3<V, 
46,7 
65o3 
47.2 
65.9 
I\!Iaxim ĵ:ii cycle 
temperatiH'e (T^), "̂ R. 
2501 2489 
Esdiaust temperature 810 805 
T a Ì D l e 3 9 - ^ laximum o y ó l e p r e s s i i r e p ^ « 1 2 0 0 I b . / i n . a b s . 
F u e l f r a c t i o n P O a 5 
C o m p r e s s i o n r a t i o ( r ) 1 4 1 6 1 8 2 0 2 2 
R e s i d u a l g a s 
f r a c t i o n ( f ) 
0 « 0 3 0 2 0 . 0 2 6 6 O0O238 0 . 0 2 1 5 0 . 0 1 9 5 
C o r r e c t e d t e m p e r a t u r e 
5 6 9 O 3 5 6 4 0 8 5 6 I 0 8 5 5 9 . 4 5 5 7 . 2 
N e t w o r k o u t p u t 
( W ^ ) , B T U / l " b o f r e s h a i r 
3 7 6 0 3 3 8 2 . 4 3 8 5 . 3 3 8 7 o 1 3 8 7 . 0 
N e t m e a n e f f e c t i v e 
p r e s s • ( l i E P ^ ) , I b . / i n ' ' . 
1 4 0 . 3 1 4 3 . 1 1 4 4 . 2 1 4 5 . 5 1 4 4 . 9 
C y c l e e f f i c i e n c y 
( ' y ^ ) , p e r c e n t . 
5 8 . 4 5 9 . 3 5 9 o 8 6 0 . 1 6 0 . 0 
Maximum c y c l e 
t e m p e r a t u r e ( T ^ ) , ^^O 
3 9 0 4 3 8 4 5 3 8 2 4 3 7 8 9 3 7 7 5 
•Qxhaust t e i n p e r a t i o r e 
( T 5 ) , ' R . 
1 4 4 2 
I 
i 
1 4 1 8 1 4 0 5 1 3 9 9 1 3 8 9 
Table 40 - l̂aximum cycle pressure p^ « 1200 Ib^/in^.abs. 
Fuel fraction F 0.8 
Compression ratio (r) 14 16 18 20 22 
Residual gas 
f motion (f ) 0.0227 0.0200 0.0177 
0.0160 0.0138 
Corrected temperature 577.2 571.9 567.7 564.6 561.1 
Net work output 
(Ŵ ), BTU/lb.fresh air 
5480 2 557.2 560.8 562.4 561.8 
Net mean effective P 
press. (MP ), Vo./ln . 
202.9 207o0 209.9 210.6 210.3 
Cycle efficiency 
per cent. 
53.2 54.0 54.4 54.5 54.4 
Maximum cycle 
temperature 
4729 4678 4653 4633 4625 
Ekhaust temperatiare 
(T5), ̂ R. 
1943 1915 1899 1889 1883 
Table 41 - Lìaximum cycle pressiare p^ » 1200 Vo/lxi «abs. 
Fuel fraction ¥ 1.0 
Con^ression ratio (r) 14 16 18 20 22 
Residual gas 
fraction (f) 
0.018? 0.0172 0.0153 0.0137 0.0125 
Corrected temperatiAre 579.8 575.9 571.3 567.7 565.0 
Net work output 
(VY )̂, BTU/lbofresh a i r 
644.9 1 1 
1 653O5 
! 
! i 
659.4 660.7 ' 662o5 
Uet mean effective 
P 
press, (MEP ), lb . /±n . 
237.8 241.9 245.0 247.4 247.1 
Cycle efficiency 
('V^), per cent. 
50.0 50.7 51.2 51.3 51.4 
Maxiimjin cycle 
temperature 
5055 5019 4996 4981 4971 
Exhaust temperature 2271 2240 2224 i 2212 2206 
Table 42 - Ijaxiraum cycle pressure p̂  
Fuel fraction F 
Compression ratio r 
Fresh air temperature T̂ ^ 
Exhaust pressure p 
P 
1000 It ./in .atis. 
0.5 
18 
540 °E. 
2 
15»0 Ih./in »abs e 
Intake pressure 
2 (p^), lb./in oabs. 
11.0 12.5 14.0 15.5 17.0 18.0 
Eesidual gas 
fraction (f ) 
0.0287 0.0260 O0O234 O0O214 0.0198 0.0188 
Corrected temperature 566.3 564.3 562.1 560.4 
i 
559.3 
1 
558.5 
Net work output 
(W )̂, BTU/lb.fresh air 
380.0 378.6 376.0 
1 
372.0 368.3 
i 
j 
366.0 
i 
Net mean effective [ 
P 
press, (lliP ), Ib./in . 
111.1 125.7 1 1 140.5 156.1 167.9 
! 
177.0 
1 
Cycle efficiency 
)j per cent. 
59.0 58.7 58.3 57.7 57.1 
! j 
56.8 
j 
Î ximum cycle 
temperature (l'̂ )? 
3851 3781 
1 
3719 3671 3647 3621 
Sxhaust temperature i i486 
i 1 
1456 1431 1407 ; 1400 1384 
1l6 
Table 43 - Maximum cycle pressure p^ 
Fuel fraction F 
Gompression ratio r 
Intake pressure p^ 
Exhaust pressure p^ 
2 
1000 llD./ii^ •al)S, 
0.5 
18 
14.0 l"b./in .abs» 
15,0 lÌD./in .abs. 
Fresh air temperature 420 460 500 540 580 620 
Residual gas 
fraction ( f ) 
0.0197 0.0213 0.0222 
1 ! 1 
0.0234 0.0244 0.0251 
Corrected temperatin'e 438.9 479.7 
i 1 ; 
520.7 
1 i 
562.1 603.6 644.8 
Uet work output 
(W )̂, BTU/lb.fresh air 
369.3 371.4 
1 
i 
374.6 376.0 376.9 377.9 
Net mean effective 2 
press. (MEP )̂, Ib./in . 
I8O0O i 162.2 i 151.4 140.5 1 131 .4 
i 
123.8 
Cycle efficiency 
( ^ ) j pei* cent. 
57.3 57.6 58.1 
i 
j 
1 58.3 
1 
! 
58.5 
1 
58.6 
Maximum cycle 
temperature (T^), 
3229 
i 
3539 Ì 
3629 3719 1 3814 3903 
1 
i i 
Exhaust temperature 
(T5), 
1299 1349 
1 
; 1389 ; 1431 1470 ; 
i i ; 
! 
1506 
Table 44 - Î aximum cycle press^are p. 
Fuel f r a c t i o n P 
Compression r a t i o r 
Intake pressure 
Fresh a i r temperature T 
- 1 
f r 
2 
1000 I b . / i n . a t s . 
0 . 5 
18 
14.0 I b . / i n .abs. 
540 
Ediaust temperature 
(p ), I b . / i n .abs. s 
3.0 7.0 1 1 . 0 15o0 19.0 
Residual gas 
f l e c t i o n ( f ) 
0.0071 0.0130 0.0185 0.0234 0.0279 
Corrected temperature 
545.9 
i 
551.6 557.1 562.1 
1 
i 
i 566.7 
Net work output 
(W^), BTU/lb.fresh a i r 
399.6 ; 393.1 
! 
385.0 376.0 ; 366.5 
• } 
Net mean effect ive 
p 1 
press. (ì/iEP ), I b . / i n . | 
157.6 1 
i j 
152 . 1 
1 
i 
145.9 
1 
140.5 
1 
! 
1 
135.9 
i 
Cycle e f f i c i e n c y 
P®^ cent. 1 
i 
62.0 i 
i j 
1 61.0 
j 
59.7 
1 
58.3 
i 
1 
56.9 
1 
Maximum cycle 
temperature (T^), ^R. 
1 
3684 3694 3709 
1 
3719 ! 3732 
! 
Ebchaust temperature 
( T 5 ) . 
930 ; 
I 
1162 1315 1431 1517 
( 
i 
Table 45 - Intake pressure 
Fresh a i r temperature 
Exhaust pressure 
T f r 
2 
14.0 I b . / i n .abs. 
40 2 
15 .0 l b . / i n .abs. 
Mazimum cycle pressi:ire 
(p^), l b . / i n .abs. 
800 800 1000 1200 
Fuel f r a c t i o n (F) 0 . 15 0.2 0.1 O0I5 
Compression rat io (r) 15 18 18 24 
Net wo2?k output 
(W^), BTU/lb.fresh a i r 
1 19. 1 157.7 81.7 127.7 
Net mean e f f e c t i v e pressure 
(Mi^^), Ib ./ in^. 1 
44.1 58.7 29.9 47.3 
Cycle e f f i c i e n c y 
(/T̂  cent. 
61.7 
1 
61.2 63.4 66.2 
Maximum cycle temperature 
(T3), °R. 
2340 2530 2210 
1 
2480 
Exhaust temperature 838 922 740 810 
Ta"ble 46 - Compression r a t i o 
Intake pressiire 
Fresh a i r temperature T 
Ebdiaust pressure 
f i 
f r 
18 
2 
14 ,0 lb*/±n »aÌDS. 
540 
p 
15 .0 Vo./ln .abs . 
Maximm cycle pressure 
( p ^ ) ? l'h*/ln . a b s . 
800 1000 1400 
Fuel f r a c t i o n (F) Oo9 0.9 0.5 
Residual gas f r a c t i o n ( f ) 0.0157 0.0161 0.0240 
CoxTected temperature 
570.4 569.9 
i 
561 .5 
Net work output | 
(W^), BTU/lb.fresh a i r | 
562.4 
1 
594.1 391 .6 
fiet mean e f f e c t i v e pressure 
(MEP^), Ib . / in^ . 1 
208.9 22 1 . 1 145 .5 
Cycle e f f i c i e n c y 
), per cent. 
48.5 5 1 . 2 i 
60.8 1 
Maximum cycle temp era tiare 
(T3), 
4716 : 4790 3900 
1 1 
1 1 
Exhaust temperature 2162 2098 
j 
1390 
1 
i 1 
Table 47 - Maximum cycle pressure p 
Compression ratio 
3 
r a 
800 lb./in .abs. 
18 
Fuel fraction (f) 
for the cycle 
0,35 0 . 4 0 . 6 0 . 6 0.7 
Fuel fraction (F ) 
for the BMC 
0 . 5 0 . 5 0.5 0 . 8 0 . 8 
Residual gas 
fraction (f) 
0 . 0 2 7 5 0 . 0 2 5 6 0 . 0 2 0 8 0^0205 0 . 0 1 8 4 
Corrected temperature 
558.1 559.7 5 6 4 . 8 5 6 4 . 6 566.4 
Met work output 
(f^), BTU/lb. fresh air 
2 6 3 . 1 295.2 i 
i i 
4 2 8 . 3 4 0 8 . 3 
1 
4 6 3 . 0 
Net mean effective 
\ / 2 
press •(MiJiF^), Va./in . 
99.2 111.4 I 6 I 0 O 
1 
153.4 173.3 
Cycle efficiency 
('V̂  ), per cent. 
58.3 57.3 5 5 . 4 
! 
52.8 51.3 
Maximum cycle 
temperature ^R» 
3055 3248 3992 3856 4 1 8 9 
Exhaust tenderà tur e 
(T5), 
1199 
ì . 
1290 1632 
1 
1641 1 8 1 7 
: i 
Table 48 - Maximum cycle pressure p^ « 1000 l b , / i n .abs . 
Compression r a t i o r « I8 
Fuel f r a c t i o n (F) 
f o r the cycle 
0.4 0.55 0 .6 O065 Oo7 
Fuel f r a c t i o n (F) 
f o r the BMC 
0.5 0.5 0.8 0 .8 0.8 
Residual gas 
f r a c t i o n ( f ) 
0.0261 0<»0220 0.0208 0.0199 0.0189 
Corrected temperatiire 
559.1 562.8 563.8 565.0 566.0 
Net work output 
(W^), BTU/lb.fresh a i r 
306.8 410.9 427.3 457.7 485.7 
Net mean e f f e c t i v e 
press . (lihlP^), l b . / i n . . 
1 1 5 . 8 154.3 160.6 171.4 18 1 . 7 
Cycle e f f i c i e n c y 
(AJ)? cent. 
59.5 58.0 55.2 54.6 53.8 
1 
Maximum cycle 
temperature (T^), 
3340 
ii 
3903 3939 4105 4269 
Ebchaxist temperature i 1258 1506 1591 1678 1764 
AFPEOIX 2 
ADDITIONAL DATA GS CYCLE BMVIOUR 
The relative influence of changes in the intake presstare, 
the t^erature of the fresh intake air, and the exhaust pressure 
on cycle performance are not included in this report. However, 
some preliminary work has been carried out to investigate these 
additional aspects of cycle behaviour. Approximate changes in 
cycle performance figures as a response to variations in either 
(̂ fj.)» (p^) are given in Tables 49-51 > page 1̂ 3-1̂ 4 
The values are based on Series II of Cycle Analyses, the results 
of which are tabulated in Tables 42 - 44 , page 115 - 117. 
The trends demonstrated in the tables are similar to those found 
by others 
It should be noted that the reported variations are the 
result of changes of only one of the three independent variables. 
Whether or not the changes are additive when two or three of the 
variables vary simultaneously is a matter requiring further 
investigation. It is suggested that an extended surv^ should 
cover the study of the combined effects of variations in the above 
three operating conditions over ranges sufficiently wide to include 
supercharged óyeles j i.e. the objective of such investigation 
would be to replace the functional relationship 
Q (40) 
where (q) represents any <^ole performance parameter, by an 
ea^irical expression suitable for nomograpido solution» 
fable 49 
Estimated Variations in Cycle Performance 
Due to Changes in Intake Pressure (p.) 
Intake pressiure 
(Pi) 
Ib./in «abs. 
1 
Cycle 
efficiency 
(n) 
Het work 
output 
( V 
Mean 
effective pressure 
(MEP^) 
13 101 101 93 
14 100 100 100 
15 999 99 107 
fable 50 
Estimated Variations in Cycle Perforaaance 
IXie to Changes in T^perature of Fresh Intake M r (T^^) 
Fresh air temp, 
(^fr) 
Cycle 
efficiency 
(V 
Het work 
output 
Mean 
effective pressure 
(MEP^) 
500 100 100 107 
540 100 100 100 
580 100 100 94 
Tahle 51 
Estimated Variations in Cyole Performance 
Due to Changes in Einbaust Pressure (p ) e 
Sxhaiist presstare 
(P,) 
l%./iB «alls. 
Cyele 
effloien<̂  
(n) 
Net work 
output 
Mean 
effective pressure 
(MBP̂ ) 
14 101 101 101 
15 100 100 100 
16 99 99 99 
1P3 
APPMUX 3 
BEmOEMMT (F EMPIRICAL EQjUAflQITS 
When the object of an investigation is to study the effect 
of one or more independent variables on a dependent parameter in 
a certain process, a number of standard methods are iised 
to correlate the test data and to determine explicit empirical 
8 relationships between the variables under consideration )• 
In the case of a four-variable process including one dependent 
variable there is usually little likelihood of establishing an 
accurate empirical expression for such variable or parameter, due 
to the complexities introduced by interdependence and recurrence, 
i.e. the influence of one independent variable upon the variation 
of the dependent parameter with a second independent variable. 
If this interdependence is either nil or negligible, a rather 
simple method of correlating four-variable data is available. 
To illustrate the technique used in such a situation, 
an e^irical expression is developed here for maximum pylinder 
teH]perature as a ftmction of fuel fraction, maximum qycle pressure, 
and compression ratio. This is followed by an example of a three-
F I G . 24 
I eoo 
I 3 14 15 16 17 18 19 20 21 2 2 
C O M P R E S S I O N RATIO ( r ) 
F I G . 2 4 - VARIATION OF MAXIMUM CYCLE TEMPERATURE WITH COMPRESSION RATIO FOR 
SELECTED VALUES OF MAXIMUM CYCLE PRESSURE AND FUEL F R A C T I O N . 
var iab le process, i n wMch tke r a t i o of the maxima® ogrliMer 
teB^erature t o the exhatist temperatiare i s expressed oiqpirically 
i n the independent parameters, f u e l f r a c t i o n axid maximum qycle 
pressiare* 
MaTlmim Cycle Temperature 
I n Figure 24 maximum cycle ten^erature (T ) i s p lo t t ed IWit JC 
agains t compression r a t i o ( r ) f o r the complete range of f u e l - a i r 
r a t i o s and m&ximxm cycle pressures used. By adopting curve-
Q f i t t i n g techniques ) i t i s found f r ^ a a p lo t of the average value 
agains t (P) , f o r a l l and ( r j values , tha t max max 
' c + C J + (41) max, avg 1 ^ 3 
where , C^ , and C^ are constants* 
Also, from Figure 24 , i t i s seen tha t the va r i a t ion of 
(T ) with (p ) i s almost independent of (F) . By p lo t t i ng max max 
average values of ("̂ ^̂ ĵ x̂  ^^^ values of ( r ) against (Pĵ ^^ )̂ , 
the fol lowing l i n e a r re la t ionsh ip i s obtained t 
T » Ptn«^ % (42) max, avg 4 »»x 5 
Because of i t s independency on (F), Equation (42) may be 
substituted for the constant C^ in Equation (41) to give 
•^max, avg " W ^ S " ^ ^ S ^ ^^^^ 
The variation of (T ) with (r) is also foimd to be 
Biax 
independent of (f) . Again tuy using average values of (T ) over 
max 
the range of (p^^) it is found hy curve-fitting that 
'^max, avg « ^ ^ ^ 
By combining Equations (43) and (44) and making adjustments to 
constants it can be shown that 
T 
max Vniai * V + V + + ....(45) 
Actual values of determined from cycle analyses are 
cc^pared with values obtained from liquation (43) » and the constants 
further adjtisted to give a satisfactory average deviation as well as 
acceptable maximum deviations« Substituting the numerical values 
for the constants in Equation (43) 9 the final expression thus 
obtained is Equation (31) , listed in fable 2, page 40 , 
^max " ^^ - 45.3 r) + 
( 4082 P - 958 F^) .•.(31) 
F I G . 25 
2 0 
TOO 8 0 0 9 0 0 lOOO l l O O I 2 0 0 1 3 0 0 
MAXIMUM CYCLE PRESSURE (p ) LB. / lN^ .ABS. 
rnax ' 
F I G . 2 5 - RATIO OF MAXIMUM CYCLE TEMPERATURE TO 
EXHAUST TEMPERATURE VERSUS MAXIMUM 
CYCLE PRESSURE. 
This eq\iation gives an average deviation — without regaxd 
to sign - of (T Walues of 0*3 i i and maximum deviations of 
max 
+ ^̂ ^ % and - ji J and is considered satisfactory» 
Exhaust T^peratiire 
Exha\ist pressure has "been considered constant for the series 
of cycle calc\ilations , so that trm Equation (28) a graph of 
T 
TMLIT 
- T against (p ) should reveal a slight curve, the 
^ r max 
e 
slope depending on the value of ^ ^) and, therefore, on the fuel 
fraction (F) • Such graphs are plotted for the various values of 
(P) in Figure 25 • Since the curvatures are slight, the cxarves 
are considered as straight lines for the piarpose of developing 
«pirical relationships "between exhaust tea^eratures (T ) and fuel 
e 
fraction (F) , which will "be valid over the selected range of 
operating conditions. As can he seen from the graphs , no serious 
erriDr is involved hy making this assumption. 
It is found that all curves of Figure 25 , when produced , 
pass through a coiimon point , giving an equation of the form 
f 
max 
^ . X (46) 
^ S i 
where the slope of each curve (X) dreads on fuel fraction (F) 
On plotting (X) against (f) a linear relatiox^hip is 
revealed , such that 
+ (47) 
Inserting Equation (47) in Equation (46) and iiriting in the values 
of the various constants the following relationship is obtained 1 
f 
- n21 « { w 0^000390 P + 0.00080 ) X 
( W ^ ^325 ) (32) 
Equation (32) , which was listed in Table 2, page 40 , gives 
an average deviation - without regard to sign - of the (^y)-
values of 0#4 , and maxiisum deviations of + 0#8 ji and - 0.9 ji, 
APPESflEX 4 
B^AflOHS FOE THE l̂ '̂ ŝ wr̂ ATIOF CF MGIHE P^OBMAKCE 
4»1 Derivation of Engine Performance Bcmatioga 
For the series of experiments conducted on the Eicardo 
research engine the relationships between the conventional 
performance quantities are derived as follows. 
For the fo\ir-str<&e engine, having a bore of 3*000 inches, 
a stroke of 4*375 inches, a speed of (N) rjxa, and a brake mean 
effective pressure of (BMEP) lb*/in when coupled to a dynamometer 
with a swinging-arm length of l8 inches and a load of (W) lb., 
the torque relationship is s 
^ X 3-000^ X (BMEP) X ̂ ^ X-f- - W x ^ x 2 7 r H 
or 
BMEP - (7.31 W) lb./±r?. (48) 
For an indicated mean effective pressure of (IMEP) lb*/in . 
the indicated horsepower output of the engine is t 
^ X 3-000^ X (DSEP) X X 
IHP . — hp. 
33,000 
or 
IMEP X N 
IHP « (49) 
25,600 ^ 
I f t h e f u e l u s e d has a s p e c i f i c g r a v i t y of O.818 , t h e n 
50 cc* of T u d l bursLdd i n ( t ) adconds C03rr6sp0zids 'to a f u e l 
oonsximption of 
50 X 3600 X 0 ^ 8 l 8 324»5 
t X 454 
Ih^/hoxir 
Combining t h e l a s t two e x p r e s s i o n s , the i n d i c a t e d s p e c i f i c 
f u e l c o n s u B ^ t i o n amounts t o 
3 2 4 . 5 3 2 4 . 5 
i ^ s . f . c . - » I h ^ / i h p . h r . 
IHP IMEP X K 
2 5 , 6 0 0 
8 . 3 0 X 10^ 
i . s . f . c . « I h . / i h p . h r . ( 5 0 ) 
t X IMEP X H 
The t h e r m a l e f f i c i e n o ^ r of the engine i s 
550 X 3600 0 . 1 3 9 
nfl ( 5 1 ) 
i . s . f . c . X 778 X 18,330 i . s . f . c . 
f o r a low heat o f c<»ahustion of t h e f u e l of 18,330 B T U / l b . , r e f . p . 5 5 » 
S u b s t i t u t i n g E q u a t i o n ( 5 0 ) i n t o E q u a t i o n ( 5 1 ) t h e r e r e s u l t s 1 
. y\ = 1 . 6 7 5 X 10"® X t X IMEP X H ( 5 2 ) 
f 
I n t h e conducted experiments the engine speed was kept c o n s t a n t 
at N = 2000 nra., hence, 
= 3^35 X X t X IMEP (53) 
4*2 Equation for the Oaloulation of Mixture Strength 
The metering of the fuel consiimption was carried out "by 
the positive displacement method, using a calibrated pipette of 
50 cc. and a stopwatch. The time (t) in seconds required for 
the engine to constane this amount of fuel for an observed air 
consumption of (L) lb#/min# and for a given mixture strength 
(F) may be derived as follows. 
By definition, the stoichiometric ratio (P^) is the 
theoretical weight of fuel required for craaplete combustion of 
1 lb, of air. Also, the mixture strength (F) is the fraction 
of the stoichiometric ratio actually present for ccsibustion. 
Hence, 
metered weight rate of fuel flow 
F X P 
metered weight rate of air flow 
^ ^-^-fuel ̂  454 
P X F c L 
'The specification of the fuel used in the experiments 
is given on page 55 . Sul)stituting the relevant values into 
the last expression, and re-arranging, 
50 X 60 X 0^818 
454 X O.O667F X L 
81,04 
F X L 
(54) 
This is the relationship underlying the curves presented 
in Figure 12 • The chart w^s used as an aid in the laboratory 
to adjust the mixture strength of the test engine, as described 
in Section 9 « 
4>3 Orifice Plate Computation 
The expression for rate of weight flow of fresh air induced 
is conputed from the following data in accordance with the British 
Flow Meastir̂ nent Code B.S. 1042 - 1943 • 
Details of metering installation i 
Fltiid flowing 
Orifice installation 
Pressure tappings, upstream 
downstres-m 
Diameter of orifice bore 
Atmospheric air 
- Flow fxam an open space into 
a pipe 
None 5 open manometer connection 
At distance D/2 from downstream 
face of orifice plate 
- d = ni34 in. 
Diameter of downstream pipe 
Area ratio 
Differential head measuring 
device 
Maxim\am expected differential 
head 
Humidity 
Air temperature 
Air pressure 
D = 4.000 in. 
: 0.128 
This value is less than JL 7 ' 
and hence the area ratio is taken 
as m = 0 ( Ref. B.S.1042 - 6? ) 
- Mi cr o-manome t er 
- h a 25 m.m. w.g. 
- Assume no correction for humidity-
required, N a 1.000 
- 60 
- 29.92 in. Hg. 
Calculation t 
1. 
2. 
Reference 
in B.S. 1042 
Rate weight of flow 
L = 359.1 x CZd̂ E X X sJT Ib./hr. Eq.(3) 
For standard conditions at orif ice as specified above 
the specific weight 
p 14.70 X 144 
ST 53.3 X 520 0.07637 Ib . / f t^. 
For ambient conditions other than standard, i . e . air 
temperature (t^) ® F, and barometric pressiire (p^) in.Hg. 
Reference 
the multiplier i s ^^ B.S.IO42 
520 7 ' 
a 
460 + t 29»92 
a 
4. For m = 0 , B = nOOO D.S. 9 
5. For in = 0 , C « 0^595 Pig.l9A 
6. Assximing Z = 1.000 , the approximate maximxjm 
weight rate of flow, when h = 1 in. w.g., 
L » 359.1 X 0.595 X 1.134^ x ^ ? x^O.07637' 
L = 75.8 Ib./hr. 
For these conditions the Reynolds Kumber 
L 
^d = : Eq.(l3) 
15.83 d ^ 
75.8 
\ = ^ = 23,300 
15.83 X 1.134 X 1 8 1 . 5 X 10"^ 
8. Correction for E^ is I.OO8 Fig.l9B 
D is 1.000 Fig.13c 
-H« t is 0.999 D.S. 11 
9. Correct value for Z = I.OO8 x 1.000 x 0.999 
Z = 1.(X)7 
10. Corrected expression for weight flow per minute, 
taking (h) inm.m., 
Reference 
L = 359.1 X 0^595 X n007 x n i34 x j ^^^^ x 
y 0.07637 ' X M 
L = 0.2515 M y r ^ Ib./min. 
^ , h ^ inB.S»1042 
11# Tolerances Basic 0.70 i Fig.i9I) 
Exrfcra f o r R^ 0.22 i Fig.19B 
Extra for D 0.00 Fig.19c 
Extra for 6- 0.30 % Par, 63 
Overall tolerance + O08O % Par. 3 
12. Summarizing « 
Weight rate of flow per minute 
L = 0.2515 M Ib./min. (55) 
Multiplier for non-standard air conditions 
/ 5io p^ 
M « J . ^ (56) 
V 460 + t 29.92 a 
4.4 RelationshiT) between Efficiency Ratio and Mean 
Effective Pressure Ratio 
Referring to the derivation of theoretical equations in 
Section 3-4 , Equations (17) and (20) ccxnbined will give the 
following expression for (theoretical) cycle efficiency i 
2.63 (IdEP)tt̂  
ith " 0.06775 F^j^ X 19,028 
In Section 10 this relationship is expressed thus : 
= S h - ^ h ' ^ n^h 
'here the con̂ 'tsn't (T.,,) h^? th^ v?ltie 
0.06775 X 19,028 
K = — — * — - « ¿Si 
2.68 
For the experimental work Equations (53) and (54) ^ere 
developed in Sections 4-1 and d-2 , which may be combined to 
give the expression for (actiml) thermal efficiency 
^ 81.04 
y] « ^ 10"' X z (BLEP) 
Ua P ^ a 
a 
Again this relatioriShiip can be 7?ritten 
(IKEP)^ - (37) 
IXiring the tests the average value of the weight flow of air per 
minute was L = U175 Ib./min. Hence, the value of the 
avg 
constant ) in Eq^oation (37) is 
a 
1.175 
K ^ =• 432 
® 3.35 X 10 ^ X 81.04 
Dividing Equation (37) tO' Equation (36) snd introducing 
efficiency ratio 'Ti = 
and (IMEP) 
mean effective pressure ratio (MEP)^ » 
there resiilts : 
a 
(MEP) 
th 
K P 
a a 
(MEP) = — X X (38) 
^th ^th 
Since fuel fjjactions were eqiial fog theoretical and experimental 
t a 432 
analyses, — . 1, while » K_ = - 0,899 
The final relationship is therefore 
(MEP)^ « ^r ^ ^ r ^^^^ 
where K = 0.899 , a constant, 
r 
APPENDIX 5 
RICARDO E6/S RESEABCH ENGINE TESTS 
EXPERIMENTAL RESUI/TS 
Table 52 - Observed qxiantities 
It«n Quantity Symbol Unit Experimental Results 
1 Test Run No. 82 83 84 85 86 J Average 87 
2 Compression ratio r 20 20 20 20 20 20 
3 Engine speed N rpm 2000 2000 2000 2000 2000 2000 
4 I(ynamoineter load W lb. 3.60 3.85 3.75 3.64 3.52 
5 It^namcsQeter load - motoring W m lb. 6.77 
6 Lubrication oil teo^erature °P 147 146 145 145 145 143 
7 Cooling water temperatile, inlet 139 140 140 143 145 145 
8 , outlet 143 144 144 147 149 143 
9 Orifice differential pressure h m.m. w. g. 21.78 21.78 21.78 21.78 21.78 21.78 
10 Air temperatvire at orifice t 
a 62 
62 61 61 61 61.5 
11 Bar(»netric pressure Pa in. Hg. 30.06 30.06 30.06 30.06 30.06 30.06 
12 Time to consume 50 oc» of fuel t sec. 194.4 194.6 195.5 196.2 195.8 195.3 
13 Injection point before TDC. degrees 37.0 39.5 42.0 44.5 47.0 
14 Maximum (^cle pressure p ^max Ib./in^.a. 785 898 984 1070 1120 
15 Exhaust gas appearance clear clear clear clear clear 
16 Exhaust gas temperature t e 450 428 419 407 403 
Calculated performance data for this series of test runs are listed in Table 57 , page 144 . 
APPEraiX 5 
RICARDO E6/S RESEABCH MGIHE TESTS 
EXPERIMEHTAL RESULTS 
Table 53 - Observed qviantities 
Item Quantity Symbol Unit Experimental Results 
1 Test Run No. 91 92 93 94 95 Average 96 
2 Compression ratio r 20 20 20 20 20 20 
3 Engine speed rpaa 2000 2000 2000 2000 2000 2000 
4 Itynamometer load W lb. 6.12 6.45 6.47 6.36 6.07 
5 £!7namca&eter load - motoring W m 
lb. 6,86 
6 Lubrication oil temperature 145 146 147 148 149 148 
7 Cooling water ten^ereture, inlet 146 142 142 141 141 141 
8 , Outlet 150 146 146 145 145 138 
9 Orifice differential pressure h m.m. w»g. 21.49 21.49 21.#9 21.49 21.49 21.49 
10 Air temperature at orifice t 
a 
62 62 62 61 61 61.5 
11 Barometric pressure Pa in. Hg. 30.20 30,21 30.22 30.23 30.23 30.22 
12 Time to consume 50 cd. of fuel t sec. 151.0 152.8 154.1 155.1 158.0 154.2 
13 Injection point before TDC. degrees 37.0 39.5 42.0 44.5 47.0 
14 M&ximvm <^cle pressure p Ib./in^.a. 804 885 1007 1093 1205 
15 Szhaust gas appearance clear clear clear clear clear 
16 Exhaust gas temperature t 
e 565 543 529 512 493 
Caloalated perfonaanoe data for this series of test stubs are listed in Table 38 , page I45. 
APPENDIX 5 
RICARDO E6/S RESEARCH MGINE TESTS  
EXPERIMENTAL RESÜUS 
Table 54 - Observed quantities 
ItffiB Quantity Symbol Unit Experimental Results 
1 Test Run No. 101 102 103 104 105 Average 106 
2 Compression rat io r 20 20 20 20 20 20 
3 Engine speed N rpm 2000 2000 2000 2000 2000 2000 
4 Jjjynamcmeter load W lb . 8,53 8.76 8.84 8.97 8.83 
5 I{7nam(»ieter load - motoring W m lb. 6.99 
6 Lubrication o i l t s p e r a t u r e 147 147 148 149 149 145 
7 Cooling water temperature, in let 140 142 143 145 145 144 
8 , outlet 144 146 147 149 149 141 
9 Orif ice d i f f e r e n t i a l presstire h m.m. w.g. 21.49 21.49 21.49 21.49 21.49 21.49 
10 Air temperature at o r i f i c e t a 64 64 64 63.5 63.5 64 
11 Barometric pressvire Pa iiU/Hg.. . 30.36 30.36 30.36 30.35 30.35 30.36 
12 Time to constime 50 cc. of fue l t sec. 122.3 123.0 126.6 126.7 127.4 125.2 
13 Injection point before TDC. degrees 37.0 39.5 42.0 44.5 47.0 
14 Maximum cycle pressure p lb,/in^.a< 823 941 1046 1111 1178 
15 Exhaust gas appearance clear clear clear clear clear 
16 Exhaust gas temperature t e 684 666 655 635 630 
Calculated performanee data for this series of tes ts are l i s t e d in Table 59 , page I46 
APPENDIX 5 
RICARDO E6/S RESEARCH ENGINE TESTS  
EXPERIMENTAL RESULTS 
Table 55 - Observed quantities 
Item Quantity Symbol Unit Experimental Results 
1 Test Run No. 110 111 112 113 114 Average 115 
2 Compression ratio r 20 20 20 20 20 20 
3 £bigine speed N rps 2000 2000 2000 2000 2000 2000 
4 lijmamoffieter load W lb. 9.68 10.04 10.26 10.31 10.35 
5 X̂ jnoamraEeter load - motoring V lb. 6.89 
6 Lubrication oil t^perature 142 145 148 149 149 145 
7 Cooling water tonperatiire, inlet 150 149 151 146 146 143 
8 , outlet 154 153 155 150 150 141 
9 Orifice differential pressure h m^*'f, g. 21.79 21.78 21.78 21.78 21.78 21.78 
10 Air temperature at orifice t a 63 64 65 65 65 64.5 
11 Barometric pressure Pa in. Hg. 30.36 30.35 30.34 30.32 30.30 30.33 
12 Time to consume 5^ cc. of fuel t sec. 106,6 108.0 108.1 108.0 108.6 107.8 
13 Injection point before TDC, degrees 37.0 39.5 42.0 44.5 47.0 
14 Exhaust gas appearance clear clear clear clear clear 
15 Maximum cycle pressure ®max IbVin^.a, 803 900 993 1103 1188 
16 Exhaust gas temperature t e ®P 810 795 771 756 756 
Calculated perfoarmanoe data for this series of test runs are listed in Table 60 , page 147 
APPENDIX 5 
RICARIX) E6/S BESEARCH EHGI18E TESTS  
E3CPERIMEÍÍTAL RESULTS 
Table 56 - Observed quantities 
Item Qaantity Symbol Unit E^erimental Results 
1 Test Bxm Ho. 122 123 124 125 126 Average 127 
2 Compression ratio r 20 20 20 20 20 20 
3 Engine speed N rpm 2000 2000 2000 2000 2000 2000 
4 I^jrnamometer load W lb. 10.55 10.84 11.30 11.28 11.41 
5 liynamometer load - motoring W m 
lb. 6.74 
6 Lubrication oil temperature 149 149 152 150 149 148 
7 Cooling water temperatiire, inlet 145 147 146 149 149 148 
8 , outlet 149 151 150 153 153 146 
9 Orifice differential pressure h m.m. V. g. 21.78 21.78 21.78 21.78 21.78 21.78 
10 Air temperature at orifice t a 66 66 66 66 66 66 
11 Barometric pressure Pa in. Hg. 30.29 30.29 30.28 30.27 30.26 30.28 
12 Time to consume 50 oc» of fuel t sec. 92.7 92.5 92.1 92.1 91.2 92.1 
13 In;ieetion point before TDC, degrees 37.0 39.5 42.0 44.5 47.0 
14 Maximum cycle pressure p ^max 
Ib./in^.a. 796 891 990 1069 1134 
15 Exhaust gas appearance clear clear clear clear clear 
16 Exhaust gas temperature t e 937 923 903 896 894 
Calculated performance data for this series of test runs are listed in Table 6l , page 148. 
APPMDIX 5 
RICARK) E6/S RESEABCH MGIME TESTS 
EXPERTMMTAL BESULTS 
Taljle 57 - Calculations 
Reference Performance quantity Symbol Unit Experimental Results 
Table 52 
(56) 
E<i. (55) 
Eq. (54) 
Eq. (48) 
Eq. (48A) 
Eq. (48B) 
E<1. (53) 
Test Rvin No. 
Air flow multiplier 
Air consumption 
Fuel fraction 
520 
y 460 + t 29.92 
* 8» 
(0.2515 M 
/ 81.04 
W .L J 
avg avg 
avg 
F 
lb./mi n. 
Brake mean effective pressure ( 7.31 W ) 
Friction mean effective presstire ( 7*31 ) » 
Indicated mean effective pressure ( BMEP + FMEP ) 
Thermal efficienpy ( 3.35 x 10"^ x t x IMEP ) 
avg 
FMEP 
IMEP 
n 
Ib./in^. 
Ib./in^. 
Ibo/ix?, 
82 83 84 85 86 
1.000 1.000 1.000 1.000 1.000 
1.175 1.175 1.175 1.175 1.175 
0.353 0.353 0.353 0.353 0.353 
26.3 28.1 27.4 26.6 25.7 
50.0 50.0 50.0 50.0 50.0 
76.3 78.1 77.4 76.6 75.7 
0.499 0.511 0.506 0.502 0.495 
APPENDIX 5 
RICIBDO E6/S RESEARCH ENQIHE TESTS 
EXPERIMEHTAL RESULTS 
Table 58 - Calculations 
Reference Performance quantity- Symbol Unit Experimental Results 
Table 53 Teat Run No. 91 92 
i 
93 94 95 
Eq. (56) 
/ 520 i'a \ 
Air flow mxiltiplier / 
y 460 + t^ 29.92 
M 1.007 liOOT 1.007 1.007 1.007 
Eq. (55) Air oonsuii?)tion ^0.2515 M L 
avg 
Ib./min. 1.174 1.174 1.174 1.174 1.174 
Eq. (54) 
/ 81.04 X 
Fuel fraction ( — = — — — — ) » 
^ t . L ^ 
avg avg 
P 0,448 0,448 0.448 0.448 0,448 
Eq. (48) Brake mean effective pressure ( 7 . 3 1 W ) « BMEP Ib./in^. 44.7 47.2 47.3 46.5 44.4 
Eq. (48A) Friction mean effective pressure ( 7»31 W ) » 
m 
PMEP Ib./in^. 50.0 50,0 50,0 50.0 50,0 
Eq. (48B) Indicated mean effective pressure ( BMEP + PMEP ) » TMlii» Ib./in^. 94.7 97.2 97.3 96.5 94.4 
Eq. (53) Thermal efficiency ( 3.35 x 10"^ x t x IMEP ) » 
avg 1 0.489 0,502 0,503 0,498 0.487 
APPENDIX 5 
RICARSO B6/S RESEARCH MSINE TESTS 
EXPERIMENTAL RESULTS 
Table 59 - Caloiilations 
Reference Performance quantity Symbol Unit Experimental Results 
Table 54 
Eq. (56) 
Eq. (55) 
Eq. (54) 
Bq. (48) 
Bq. (48A) 
Bq, (48B) 
Eq. (53) 
Test Run No. 
Air flow multiplier 
520 
Air consun^tion 
Fuel fraction 
y 460 + t 29.92 
V 3 
(0.2515 M ^ / ¡ ^ J 
/ 81.04 \ 
^ t . L ^ 
avg avg 
Brake mean effective pressure ( 7.31 W ) 
Friction mean rffective pressure ( 7.31 W^ ) 
Indicated mean effective pressure ( BMKP + FMEP ) « 
Thermal efficiency ( 3.35 x 10""^ x t x DiEP ) » 
avg 
M 
L 
avg 
P 
BMEP 
USE? 
Ib./min. 
Ib./in^, 
Ib./in^, 
Ib./in^, 
101 
1,006 
1.173 
0.552 
50.0 
112.3 
102 103 104 
1.006 1.006 1,006 
1.173 1.173 1.173 
0,552 0,552 0.552 
64.0 64.6 65.6 
50.0 5 0 ,0 50,0 
114.0 
1 
1 14 .6 1 1 5 . 6 
0,478 0.481 0,484 
105 
1.006 
1.173 
0.552 
64.5 
50.0 
114.5 
0.480 
APPEHDIX 5 
RICARDO E6/S RESEARCH ENGIHE TESTS 
EXPERIMENTAL RESULTS 
Table 60 - Calculations 
Reference Performance quantity- Symbol Unit Experimental Resiilts 
110 111 112 113 114 
1.005 1.005 1.005 1.005 1.005 
lb./min. 1.180 1.180 1.180 1.180 1.180 
0.638 0.638 0.638 0.638 0.638 
Ib./in^. 70.7 73.4 75.0 75.3 75.6 
Ib./in^. 50.0 50.0 50.0 50.0 50.0 
Ib./in^. 120.7 123.4 125.0 125.3 125.6 
0.436 0.446 0.452 0.453 0.454 
Table 55 
Eq. (56) 
Eq. (55) 
(54) 
Eq. (48) 
Eq. (48A) 
Eq. (48B) 
Eq. (53) 
Test Run No, 
Air flow multiplier 
Air consumption 
Fuel fraction 
520 
460 + t 29.92 
(0.2515 
81.04 ( 
t . L 
avg avg 
) 
Brake mean effective press^^re ( 7»3l W ) « 
Friction mean effective pressure ( '''•31 ^^ ) • 
Indicated mean effective pressxire ( BMEP + PMEP ) 
Thermal efficiency ( 3.35 x 10"^ x t^^^ x IMEP ) 
avg 
F 
BMEP 
FMEP 
IMEP 
APPENDIX 5 
RICARIX) E6/S RESEABCH EtJGIHE TESTS 
EXPERIMEHTAL RESULTS 
Table 6l - Calculations 
Reference 
Table 56 
Eq. (56) 
Et. (55) 
Bq. (54) 
Eq. (48) 
Eq. (48A) 
Bq. (48B) 
Eq. (53) 
Performance quantity Symbol Unit Experimental Results 
Test Run No. 
Air flow multiplier 
Air consumption 
520 
460 + t 29.92 
Fuel fraction 
(0.2515 M ^ / ^ ) 
/ 81.04 \ 
^ t „ . L / 
avg Ib./min. 
avg avg 
Brake mean effective pressure ( 7.31 W ) 
Friction mean effective pressure ( 7.31 W^) 
Indicated mean effective pressure ( BMEP + FMEP ) 
Thermal efficiency ( 3.35 x 10"^ x t x IMEP ) avg 
BMEP 
FMBP 
IMEP 
Ib./in^. 
Ib./in^. 
lb,/±x?. 
n 
122 
1.000 
1.174 
0.749 
77.1 
50.0 
127.1 
0.392 
123 
1.000 
1.174 
0.749 
79.2 
50.0 
129.2 
0.398 
124 
1.000 
1.174 
0.749 
82.6 
50.0 
132.6 
0.409 
125 
1.000 
1.174 
0.749 
82.4 
50.0 
132.4 
0.408 
126 
1.900 
1.174 
0.749 
83.4 
50.0 
133.4 
0.412 
APPENDIX 6 
CCMPABISON OF THEORETICAL AND EXPERIMESTAL PEBFORMAUCE 
2 Table 62 - Maximum cycle pressxire p 
max 
Compression ratio r 
Fuel fraction F 
900 lb./in .alls. 
20 
as indicated in the table 
fuel 
fraction 
(F) 
c^cle 
efficiency 
Figure l6 
thermal 
efficiency 
(^th) 
Figure l6 -n 
efficiency 
ratio 
'^th 
mean eff. 
pressvire 
(IMEP) 
& 
Figure 14 
ve indicated mean 
ve 
pr< 
(MEPV 
Vd
eff. pressxare 
'th 
Figure 14 
mean effective 
pressure ratio 
(IMEP) y- 0.899 
Equation (39) 
0.35 
0.45 
0.55 
0.65 
0.75 
0.511 
0.502 
0.4755 
0.4445 
0.40G 
0.598 
0.580 
0.562 
0.544 
0.526 
0.855 
0.865 
0.846 
0.817 
0.761 
78.0 
97.0 
113.5 
123.3 
130.0 
100.0 
125.5 
148.5 
170.0 
190.G 
0.780 
0.773 
0.764 
0.725 
0.684 
0.769 
0.778 
0.761 
0.735 
0.685 
Table 63 - Maximum cycle presstire p max 
C(»npre88ion ratio r 
Fuel fraction F 
1000 Ib./in .abs, 
20 
as indicated in the table 
0.35 0.5075 0.608 0.835 77.8 102.0 0.763 0.751 
0.45 0.502 0.590 0.851 97.5 128.0 0.762 0.765 
0.55 0.481 0.5725 0.840 115.0 151.5 0.760 0.755 
0.65 0.4505 0.555 0.811 125.0 174.0 0.718 0.729 
0.75 0.407 0.5375 0.757 132.5 194.5 0.681 0.681 
APPENDIX 6 
COMPARISON OP THEORETICAL AND EXPERIMENTAL PERPPRMAUCE 
2 Table 64 - Maximxim <grole pressure p max 
Compression ratio r 
Fuel fraction P 
1100 lb,/in «alas. 
20 
as indicated in the table 
fuel 
fraction 
( F ) 
cycle 
efficien<^ 
< ' n a ) 
Figure 16 
thermal 
efficient 
Figure 16 
efficiency 
ratio 
^ ^ ' n t h 
V6 
mean eff. 
pressure 
( IMRP) d Figure 14 
indicated mean 
eff, pressure 
Figure 14 
mean efJ 
pre3sur( 
( I M E P ) 
c ® ) . - jmt 
fective 
3 ratio 
( M E P ) ^ . 0 . 8 9 9 
Equation (39) 
0 . 3 5 
0 » 4 5 
0 . 5 5 
0 . 6 5 
0 . 7 5 
0 . 4 9 7 5 
0 . 4 9 7 
0 . 4 8 2 5 
0 . 4 5 4 
0 . 4 1 1 
0 . 6 1 5 5 
0 . 5 9 8 
O . 5 8 O 5 
0 . 5 6 4 
0 . 5 4 6 5 
0 . 8 0 9 
0 . 8 3 1 
0 . 8 3 1 
0 . 8 0 5 
0 . 7 5 2 
7 6 . 2 
9 6 . 5 
1 1 5 . 3 
1 2 5 . 7 
1 3 3 . 4 
1 0 3 . 5 
1 2 9 . 8 
1 5 4 . 0 
1 7 7 . 0 
1 9 7 . 5 
0 . 7 3 6 
0 . 7 4 3 
0 . 7 4 8 
0 . 7 1 1 
0 . 6 7 5 
0 . 7 2 7 
0 . 7 4 7 
0 . 7 4 7 
0 . 7 2 4 
0 . 6 7 6 
Table 63 - Maximum pyole pressure p » 1200 Ib./in̂ .abs. max ' 
Compression ratio r > 20 
Fuel fraction F « as indicated in the table 
0 . 3 5 
0 . 4 5 
0 . 5 5 
0 . 6 5 
0 . 7 5 
0 . 4 8 1 5 
0 . 4 8 7 
0 . 4 7 8 
0 . 4 5 3 
0 . 4 1 0 5 
0 . 6 2 2 
0 . 6 0 4 
0 . 5 8 7 
0 . 5 7 0 5 
0 . 5 5 4 
0 . 7 7 4 
0 . 8 0 6 
0 . 8 1 5 
0 . 7 9 4 
0 . 7 4 1 
7 3 . 3 
9 4 . 5 
1 1 4 . 2 
1 2 5 . 5 
1 3 3 . 7 
1 0 4 . 5 
1 3 1 . 0 
1 5 5 . 5 
1 7 9 . 0 
• 2 0 0 . 0 
0 . 7 0 1 
0 . 7 2 1 
0 . 7 3 4 
0 . 7 0 1 
0 . 6 6 9 
0 . 6 9 6 
0 . 7 2 5 
0 . 7 3 3 
0 . 7 1 4 
0 . 6 6 6 
APPEIDIX 7 
MATERIAL BASES COMMOMiY USED FOR 
fHERMODTOAMIC QJJAmiTIES 
In the present analysis it was found that different material 
bases were used for the various thermodynamio charts and these 
teaded to constitute an appreciable source of confusion» 
When formulating expressions for cycle performance due 
allowance must be made for the appropriate material base of the 
thermodynamic quantities under consideration» Also, the correct 
transfer of readings from one chart to another requires a thorough 
understanding of the implications of a change in material base» 
This aspect of thermodynamic cycle analysis is discussed below» 
The modified air chart is a basic chart for the properties 
of one pound-mole of pure dry air ̂  )• In addition to its basic 
plot supplementary plots are provided to determine the properties 
of one pound-mole of a mixture of air and fuel, and their products 
of ccanbustionj that is, for any mixture of air plus burned and/or 
unburned fuel» 
The burned mixture charts, on the other hand, are constructed 
on a material base of one pound of air constituents, plus a fuel 
quantity corresponding to the mixture strength« 
The relevant ratios of the various components in the mixture 
determine the magnitude of its thermodynamic properties« 
Consequently, the following ratios must he taken into account 8 
F - the weight ratio of actual fuel used to 
the fuel required for stoichicxnetrically 
ccxnplete combustion« 
f - the weight ratio of the unpurged combustion 
products to the total mixture« 
The above definitions give rise to a number of basic 
relationships that can be listed as follows s 
Fraction of theoretical fuel (F) 
1« The burned mixture charts give thermodynamic properties of 
the products of combustion of a typical fuel (CH^) for 
selected values of the fuel fraction (F)« 
The stoichiometrically correct quantity of (CH^)^ to 
combine with one pound of dry air is 0« 06775 pound« Hence, 
in all cases where (CH^)^ is assimied to be the fuel used and 
where it is available in the fraction (F) of the theoretically 
correct quantity the relationship can be expressed thus : 
1 Ih^ of diy air combines with (0O06775F) lb. of fuel to give 
(1 + 0.06775P) lb. of mixtxireo 
This latter quantity is the material base of the burned mixture 
charts» Some confusion se^s to derive from the fact that the 
chart designers have designated this material base as one pound 
of dry air constituents, plus appropriate fuel» 
It should be noted, however, that the term "air constituents" 
applies to "air" of any composition, I.e. the oxygen originally 
present may have partially or wholly combined with fuel« Also, 
the term "appropriate fuel" implies fuel either in the burned 
or in the ijinburned state, or both, as in the case of rich 
mixtures» 
3* A convenient procedure is to consider one pound of dry air 
constituents to be present at the beginning of compression 
in the cycle, and to use this quantity as a conventional basis 
for the cycle computation* 
Since (l + 0«06775P) lb. of mixture contains 1 lb. of (original, 
dry) air constituents, the thermodynamic properties of the working 
fluid as obtained from the burned mixture charts have the same 
numerical value when expressed on the basis of 11b. of air 
constituents» 
Likewise, cycle performance can be expressed in either base without 
altering its numerical value# For instance the designers of 
the thermod̂ ynamio charts evaluate the cycle output (W) from 
chart quantities, and subsequently state its numerical value 
in BTU/lb. of air constituents. 
4o When the occurrence of chemical dissociation necessitates the 
use of both the modified air chart and the burned mixture 
charts, a transfer of readings from the one chart to the other 
is required. This procedtire is facilitated by an aixziliary 
plot of chart conversion factors (y) for the various values 
of (F) and (f). As a consequence of the aforegoing 
considerations the unit of the conversion factor (y) is 
pound-moles of mixture per pound of air constituents. 
Weight fraction of residual gases (f). 
1. Due to incomplete purging in a cyclical operation the mass 
of gases present in the cylinder at the end of the intake 
stroke consists of (f) lb. of residual gas plus (l - f) lb. 
of fresh charge. That is, (l - f) lb. of fresh charge is 
present for each pound of air constituents at the beginning 
of the compression stroke. 
In the case of the Otto cycle the fresh charge is a mixture 
of fresh air and fuel, whereas in the mixed cycle it comprises 
fresh air only. 
Since lib* of original, dry air constituents contains only 
(l-f) lb. of fresh charge, an adjxxstment is required if 
cycle performance quantities are to "be expressed per lb» 
of fresh charge. For instance, if the cycle output is 
(W) BTU/l"b. of air constituents, that same output is 
( I \ BTU/lh. of fresh charge. 
\(l-f / 
Bzamples» 
With the aid of the above relationships the expressions 
used for cycle performance can now be verified by considering 
the appropriate unj.ts in the equations for, say, gross work output 
and thermal efficiency. 
Gross work output : 
144 
W ® •!• I I •mil .1 1 I I I I ....•...•••(4} 
^ ( 1 - f ) 
BTU 
W 
g 
w 
Ibo of air constituents 
Ibg of fresh air 
Ibo of air constituents 
BTU 
^ lb. of fresh air 
It can be seen that the unit used for gross work output in 
Equation (4) conforms to the outcome of the above dimensional 
ezamination* 
Theiroal e f f ic iency : 
^ = n (17) 
BTÜ 
th 
lb* of fresh a ir 
lb. of fue l Y BTO 
of fresh a i r lb« of fue l 
I t can be seen from this dimensionless result that Equation 
(17) for thermal ef f ic iency i s dimensionally correct» 
